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Abstract 
Objectives: This study investigated the biphasic bioactive glass, which contained 
standard melt-derived bioactive glass (BG) and sol-gel glass (SG), by assessing the in 
vivo effects on bone formation, bone strength, material degradation and mineralization in 
the implanted sites. Methods: Fifty-six rabbits were included in this random blind study 
to provide a total of 112 surgical sites for four different groups: two groups of biphasic 
bioactive glasses with variant compositions (SG 1, SG2), Bioglass (BG), and the control. 
The materials were placed in 7 mm diameter defects created at the mesial ends of the 
tibia. No material was placed in the empty defects of the controls. Each material group 
was divided into four time periods, three, six, twelve and twenty-four weeks. Seven 
surgical sites per time period were used for each group. After the animals were 
sacrificed, each sample was examined by radiograph, histology, three-point bending test, 
and an energy dispersive spectrum (EDS) to evaluate the materials resorption and the 
osteogeneration. Results: The SG 1 showed highest resorption in the histology at 6 
weeks (ANOVA, p<0.05), and at the same time period the amount of bone formation was 
similar to SG2 and BG group. The SG 1 group had the highest mechanical strength of the 
new bone at the end of the study. From the EDS the SG 1 groups yielded a higher 
mineralization of newly formed bone tissue in the periphery than the other groups at 3 
weeks (ANOVA p<0.01). Conclusion: The material, SG 1, accelerated bone repair, 
because it was quickly resorbed by the host, generated high amount of mineralization 
around the implanted area at the third week, and led to a higher mechanical strength of 
the new bone at the end of 24 weeks. 
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Introduction 
The great success of dental implants has generated a tremendous need for a way to 
promote the growth of bone in human jaws. The methods used to regenerate the bone can 
be categorized as autogenous, allograft and synthetic. Autogenous bone graft is so far the 
gold standard in bone regeneration however it needs donor site to provide the bone. 
Allograft materials are bone derivatives from other humans or from animals. The 
possibility of transmitting disease has hindered the popularity of this material. Synthetic 
bone graft material can be fabricated from polymers, ceramics or other chemicals. It has 
been commonly used in dental and medical devices and for artificial bone grafts in 
surgery. Compared with autogenous bone, artificial bone graft material has the advantage 
of low cost and reduced trauma, and it will not have the potential to transmit disease like 
the allograft materials. Now the quest is to find a synthetic material that has a similar or 
even stronger potential to induce osteogenesis than autogenous bone, and that has 
controllable induction rate and induction duration. 
Recently, a sol-gel glass was invented to be used as a bone graft material as well as a 
scaffold for bone tissue engineering (Li et al., 1991). It was processed from a gel 
solution of tetraorthosilicate, triethylphosphate and calcium nitrate with hydrogen 
chloride or nitric acid as the catalyst at a temperature around 700°C (Jones et al., 2002; 
Zhong and Greenspan, 1997; Zhong and Greenspan, 2000) It was called sol-gel glass to 
differentiate from the previous melt-derived Bioglass (Hench et al., 1971), which was 
processed from melting its components ( 45%SiO2, 24.5%Na2O, 24.5%CaO and 6%P2O5) 
at a high temperature (1450 degrees C). The melt-derived Bioglass, which is a silica 
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based synthetic bone graft material, has been successfully used in repairing osseous and 
periodontal defects.(Johnson et al., 1997; Ogino et al., 1980; Schepers et al., 1991) Even 
with the success of Bioglass as a graft material, some studies showed that Bioglass was 
inferior to other porous , bovine-derived grafting materials such as Bio-Oss (Al Ruhaimi , 
2001; Schmitt et al., 1997; Stavropoulos et al., 2003). Furthermore, it seemed difficult to 
be absorbed in vivo. In one study, it even showed no evidence of resorption after one year 
of implantation. (Hamadouche et al., 2001) Abundant researches have been conducted to 
improve the osteogenesis and the absorption of this bioactive glass. 
The sol-gel glass is structurally and chemically different from Bioglass. As a result of the 
gel-drying procedure, the sol-gel contains numerous pores in the size of nanometers that 
increase the surface ten thousand fold more than the solid Bio glass (Sepulveda et al., 
2001; Zhong and Greenspan , 2000). The sol-gel glass did not include any sodium but did 
contain higher amount of silicon than its precursor. It is suggested that the sol-gel glass is 
highly absorbable due to the porosity of the material (Saravanapavan et al., 2003a). This 
sol-gel glass is considered a better bone graft material than Bioglass because the in vitro 
studies showed a faster hydroxyapatite apposition on sol-gel glass surface (Sepulveda et 
al., 2002), a more constant diffusion of the silicon ions out of the particles and a higher 
surface area of the porous sol-gel particles (Zhong and Greenspan, 2000). 
Theoretically, both the osteogenesis and absorption rate of sol-gel glass were supposed to 
be higher than those of Bioglass , but in vivo studies did not support the theory. Only a 
few studies have been performed to evaluate the in vivo capabilities of the sol-gel, even 
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though they were either a short-term experiment (Wheeler et al., 2000) or used 
incomplete parameters (Hamadouche et al., 2001; Wheeler et al., 2000). These studies 
showed that the sol-gel was highly resorbable and that bone formation of the sol-gel 
group was inferior to the bone formation of the Bioglass group. It seemed that the 
resorption of the sol-gel was too fast to sustain the slow procedure of bone formation, and 
the sol-gel lost its ability to stimulate osteogenesis before the new bone formation was 
fully accomplished, indicating the need for a biphasic material. 
The concept of biphasic graft materials has been successfully applied to calcium 
phosphate. The biphasic calcium phosphate contains two types of crystals, tricalcium 
phosphate (TCP) and hydroxyapatite (HA). In vivo studies showed that materials having 
15% to 35% TCP performed the best among other ratios, pure TCP and pure HA 
(Frayssinet et al., 1993; Nery et al., 1992). The biphasic graft materials of any other 
tv!'e.s h:n,~ ~'lt. been suggested or tested yet, and it is one of our purposes to verify any 
~ -uergic.fresults fr9>m tbe combination of two different glasses 
The aims of this study, which was based on a long term in vivo experiment, were to: 1) 
study the resorption rate of the glass-based bioceramics; 2) evaluate the osteogenetic 
effect of glass-based graft materials; 3) examine the quality or mechanical strength of 
newly generated bone at the grafted sites; 4) check the distribution and concentration of 
silicon around the surgical area to determine the action of silicon ions inside the 
materials. These aims would bring us to the mechanism of material-tissue interface 
reaction and mechanism of the silicon ions. Those mechanisms would direct the 
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selection and/or design of the biocompatible implant materials with osteoconductive W 
even osteoinductive nature. The data from this study will provide us with biological 
guidance for future selection or improvement of the biomaterials for dental and medical 
devices. 
5 
LITERATURE REVIEW 
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Literature Review 
I. Ultrastructure of bone 
Bone is a mineralized connective tissue that constructs the majority of the skeletal 
system to support the muscular system and to resist the force of gravity. As in all 
connective tissues, bone is composed of two fundamental elements, the cells and the 
extracellular matrix. The former, though only a small part of the bone volume, is very 
critical to the i;egenerating remodeling and regulation of the bone mass. The latter, 
which consists of collagen fibers and non-collagen proteins, cont;ributes to the main 
properties of bone. The major cells of bone biology include osteoblasts, osteocytes 
and osteoclasts. Unlike the other connective tissues, the cells of bone have the ability 
to mineralize the extracellular matrix. 
a. Cellular components 
There are three types of cells involved in the histological structure of bone, osteoblasts, 
osteocytes, and osteoclasts. In a brief description, the osteoblast is in charge of bone 
formation, the osteocyte regulates the minerals of bone and the osteoclast absorbs bone 
mass. 
The lining on the surface of bone is made up of osteoblasts, which are derived from 
mesenchymal stem cells. With proper stimulations mesenchymal cells differentiate into 
osteoprogenitor cells, to preosteoblasts, and then to osteoblasts (Marks and Popoff, 
1988; Nijweide et al., 1986). 
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Under the microscope, the osteoblast is a cuboidal, polarized, basophilic cell lining on 
the bone. The osteoblast is slightly separated from the bone by the osteoid that is the 
extracellular matrix produced by the osteoblast itself. The osteoid is subsequently 
mineralized to form bone. The time lag between secretion of osteoid and 
mineralization is about 10 days (Weiss, 1988). As the bone matrix is produced by the 
osteoblasts, the osteoblasts are trapped by the matrix, which is calcified eventually, and 
at the final stage of secretion period, osteoblasts further differentiate into osteocytes. 
Osteoblasts have many special biological characteristics, which can be categorized into 
two groups. One group is the ability to receive signals from other cells. The plasma 
membrane of the osteoblast is shown to have receptors for cytokines and parathyroid 
hormone, but not for calcitonin. Besides the receptors on the plasma membrane, the 
receptors for estrogen and vitamin D3 are also noted in their nuclei. The other group is 
the ability to produce proteins and enzymes specific to osteoblasts. The plasma 
membrane of the osteoblast is especially abundant in alkaline phosphatase, which is 
always found on the cells producing hard structure, such as bone and tooth. Alkaline 
phosphatase is also secreted into the extracellular matrix by osteoblasts. Other 
proteins are the specific products of active osteoblasts; type I collagen (Leblond, 
1989), osteocalcin (Hauschka, 1989), osteopontin (SPPl) (Butler, 1989), and bone 
sialoprotein (Sodek J, 1992a & b) are just a few examples of them. 
Osteocytes have numerous long cell processes, via which osteocytes can connect with 
other osteocytes or the lining cells on the bone surface. The connections are usually 
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gap junctions. These processes of osteocytes are well organized to form a network 
providing permeability through the bone matrix. Osteocytes still have the capacity to 
synthesize certain matrix molecules as abundantly as osteoblasts do. (van der Plas et 
al., 1994) 
Another important cell of bone is the osteoclast, which originates from hematopoietic 
cells, is a giant multinucleated cell containing four to twenty nuclei, , is usually found 
within a lacuna on the bone surface, and is responsible for the resorption of bone and 
homeostasis of mineralization. The most characteristic features of osteoclasts are the 
ruffled borders on the membrane surface that faces the bone, the presence of tartrate-
resistant acid phosphatase (TRAP) and the receptors to calcitonin. (Suda et al., 1992) 
Osteoclasts bind to the bone matrix via the integrin receptors of the cells with RGD 
domain of matrix protein. The binding elements form sealing zones and seal off the 
osteoclast-bone-resorption compartment in which bone resorption takes place. Under 
the microscope , this compartment is a clear gap between the osteoclast and the bone 
surface. 
b. Extracellular matrix 
The extracellular matrix is the major component of bone. It has been reported that the 
ECM could shut down osteoblast proliferation in an in vitro study (Owen et al., 1990). 
Furthermore , the ECM up-regulates the genes that produce the matrix for 
mineralization and the end result is complete expression of the mature osteoblast 
phenotype (Stein and Lian, 1993). In the absence of the collagen matrix , mineral 
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deposition is hindered and no bone formation is present. The extracellular matrix 
consists of organic materials, minerals and water. The organic and mineral parts will 
be discussed in the following paragraphs. 
Organic materials were formed by collagen fibers and non-collagen proteins. The 
collagen fibers comprising the bone include type I, VI, X, and XI collagens . Type I 
and VI collagens are widely distributed in most connective tissues but type X and XI 
are found only in bone and cartilage. (Ten Cate, 1998) Type I collagen, secreted by the 
osteoblasts, comprises ninety percent of the total extracellular proteins. 
The collagen fibers usually orientate in a preferential direction. This preferential 
orientation of the collagen fibers alternates from layer to layer, giving a unique 
lamellar structure in mature bone, or so-called lamellar bone. The lamellar structure 
allows the highest density of collagen fiber in tissue. The lamellar layers can be 
parallel to each other along a flat surface or concentric along a channel in which a 
blood vessel resides. The former is known as trabecular bone and the latter is the 
Haversian canal system. (Weiss, 1988) In the situation where bone forms rapidly, such 
as during development , fracture healing and tumors, the collagen fibers are secreted in 
random directions. They are scattered and not organized. This type of bone is called 
woven bone, as opposed to lamellar bone. In the scaffold of collagen fibers, crystals of 
mineralization are found on the collagens, within collagens and in the ground 
substances. 
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Other than collagens, some essential proteins are noted and they are grouped as non-
collagen proteins. These non-collagen proteins could be exogenous, such as albumin 
from liver, or endogenous from bone forming cells. The endogenous non-collagen 
proteins function diversely and are critical to bone formation; they may participate in 
forming the structure, in bone cell attachments, in tissue growth and differentiation, or 
in the control of osteoblastic and osteoclastic metabolism. 
The secretion of the extracellular collagen is shown to be mediated by ascorbic acid; 
different concentrations of ascorbic acid (0, 25, 50µM) are related to collagen secretion 
and cell population in a dose-dependent trend (Owen et al., 1990). Other osseous 
activities, such as ALP activity and calcium deposition, also react to the ascorbic acid 
in a similar pattern to the secretion of collagen. 
Minerals, which compositions are similar to the geologic mineral hydroxyapatite, 
make up 50 to 70 percent of the adult mammalian bone. (Glimcher, 1998) 
Nevertheless, in contrast to the large and solid geologic hydroxyapatite, the bone 
mineral particles are extremely small, with length or width of 30 to 45 nm and 
thickness of 5nm (Weiner and Traub, 1989), and contain numerous impurities, which 
could be carbonate substitutes, magnesium or acid phosphate. 
Early studies in the x-ray diffraction showed the presence of Ca and Pin the bone 
tissues with a molar ratio of 1.67, which led to the idealistic formula of apatite, 
Ca10(PO4)6(OH)2, as the crystal phase of bone. 
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However, recent studies using x-ray diffraction, infrared absorption , transmission 
electron microscopy and chemical analysis indicated that the bone mineral was 
carbonate apatite. The review by LeGeros (LeGeros, 2002) concluded that the 
approximate formula (Ca, Mg, Na) 10(PO4HPO4CO3) 6(OH)2, which was referred to as 
carbonate hydroxyapatite, was the mineral phase of bone. The combined substitution 
of CO3 for PO4 and Na or Mg for Ca, kept the Ca/P molar ratio at 1.67. The carbonate-
substitute concept was based on the preparation of the carbonate apatite under dry 
conditions below 1000°C, (Elliott , 1973) and was further supported by recent studies 
(Mkukuma et al., 2004; Tadic and Epple , 2004) . When the processing temperature 
was below 300°C, carbonate apatite was produced. As the temperature was raised over 
300°C, the carbonate started to burn out and at 1000°C, the carbonate would be 
completely burned out, leaving sintered apatite. All these observations indicated the 
presence of carbonate impurity in the bone apatite. 
The carbonate, sodium and magnesium in the bone minerals were minor but important; 
they made up 3 to 10% of the total apatite and they caused a reduction in the crystal 
size and an increase in the dissolution of the mineral particles in vitro. (Ducheyne , 
1987; LeGeros, 2002; Mkukuma et al., 2004) The small crystal size and high solubility 
could facilitate the resorption of the bone and the exchange of the ions in and out of the 
bone. 
II. Biological aspect of bone 
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a. Bone formation 
There are two types of patterns involved in initial bone formation, endochondral 
ossification and intramembranous ossification. The main difference between them is 
the presence of an early cartilage in the former. 
In endochondral ossification, mesenchymal cells proliferate and differentiate into 
chondroblasts. These cells secrete a cartilageous matrix and become embedded within 
the matrix gradually. The spaces occupied by the cells are the lacunae. At this point 
they are named chondrocyte, and still have the ability to both proliferate and to secrete 
a matrix that leads to the expansion of the cartilage, the so-called interstitial growth. 
At the periphery of this cartilage, or the perichondrium, the mesenchymal cells 
continue to proliferate and differentiate, resulting in another type of cartilage growth, . 
the appositional growth. Later on, the chodrocytes enlarge progressively, become 
hypertrophic, and undergo apoptosis. 
The embryonic cartilage is avascular. It stays avascular until the resorption of the 
cartilage takes place and other types of cells invade. At the early stage of bone 
development, a ring of woven bone is formed by intramembranous ossification under 
the perichondrium. Immediately after the calcification of this woven bone, endothelial 
cells of the blood vessels, preceded by osteoblasts of the periosteum, penetrate the 
cartilage and bring the blood supply that provides bone marrow cells. The incoming 
cells degrade the calcified cartilage template, but only partially, and then osteo blasts 
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synthesize and deposit bone on the cartilageous remnants . During this degradation 
process, the type II cartilage collagen is degraded the most, and the type IX collagen is 
degraded on an alternatively spliced form, which is associated with the transition to 
hypertrophy. The wave of ossification proceeds outward, generating the characteristic 
cartilage of resting , growing and hypertrophy ahead of the ossifying tissue . 
(Alexander and Werb, 1991) 
In intramembranous ossification , mesenchymal cells of embryonic origin and high 
vascularity proliferate and differentiate directly into osteoprogenitor cells and then into 
osteoblasts; neither chondroblast nor cartilage is involved. The differentiated 
osteoblasts synthesize a bone matrix ; which is further calcified and is called woven 
bone. There are three special features of woven bone. First, the collagen bundles are 
not regularly arrayed ; second, the osteocytes are large and numerous; third , the 
calcification is delayed and progresses in irregular distributed patches. At the outer 
surface of the woven bone , mesenchymal cells continue to differentiate into 
osteoblasts. Woven bone forms following the same steps. Blood vessels entrapped by 
the woven bone will form hematopoietic bone marrow. Later on, this woven bone is 
resorbed by osteoclasts and replaced by mature dense lamellar bone. 
b. Mineralization of bone 
Adult mammalian bone mineral is similar to the geologic mineral, hydroxyapatite , but 
contains numerous impurities , which could be carbonate substitutes , magnesium or 
acid phosphate. Sometimes the hydroxyl groups are missing from the bone apatite , 
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leaving vacancies. Because of these impurities and vacancies, bone minerals are 
usually referred to as poorly crystalline , carbonated-substituted apatite. The imperfect 
bone apatite is more soluble than the geologic one, allowing bone to act as a reservoir 
for calcium, phosphate, and magnesium ions. (Glimcher, 1998) 
It is generally believed that the initial mineral deposition is from the extracellular 
matrix (ECM) vesicles released by the osteoblasts. (Buckwalter et al., 1996) The ECM 
vesicles can promote mineral deposition by accumulating calcium and phosphate in a 
solitary environment. They also provide the enzymes to degrade the inhibitor of 
mineralization in the matrix such as ATP, pyrophosphate and proteoglycans. Like the 
ones in chondrocytes , the ECM vesicles of the osteoblasts contain nucleation cores 
consisting of proteins and a complex of acidic phospholipids, calcium, and inorganic 
phosphate, which can induce apatite formation. (Jilka et al., 1992) However the ECM 
vesicles are membrane bound , and they do not have direct contact with the collagen 
fiber. The question of how the mineral crystals precipitate at the distant sites of the 
collagen fibrils still remains unsolved. It has been suggested that there may be some 
association of vesicle minerals with the minerals in the collagen matrix and the matrix 
vesicle minerals may serve as a source of initial mineralization inside collagen. 
Another possibility for the mechanism of initial mineral precipitation inside the 
collagen has also been suggested recently , based on the finding of promoters or 
nucleators. These nucleators are phosphoproteins including bone sialoprotein , 
osteopontin , and bone acidic glycoprotein-75 , etc. The phosphoprotein molecules are 
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mostly anionic and bind to calcium ions in solution, so they can accumulate calcium 
and can initiate mineral formation. Removal of the protein phosphate inactivates these 
phosphoproteins and reduces the nucleation of demineralized bone in a concentration-
dependent manner. (Glimcher , 1989) Furthermore , bone sialoprotein has been shown 
to induce apatite apposition in solution. (Hunter and Goldberg, 1993) In the theory of 
nucleators, bone apatite is accumulated as many small crystals homogenously 
throughout the extracellular matrix rather than within the ECM vesicle as suggested by 
the ECM theory. 
After the seed of precipitation has been laid , the collagens and non-collagenous 
proteins guide the growth of the bone apatites. The macromolecules of these proteins 
can either cause clusters of calcium and phosphorous ions to promote the growth of the 
crystals, or, have the opposite e:ff ect, to block the crystal surface and to inhibit the 
growth of the crystals in some directions. Usually, the long axes of the mineral 
crystals are parallel to the long axes of the collagen fibers. 
Some cations, e.g. MG2+ and Sr2+, could be trapped in the macromolecules and replace 
the Ca2+ of the apatite during the growth of the crystals. Some anions like carbonate 
and citrate from body fluid could replace the OH" or po4-3 group and attach to the 
crystal surface. These impure ingredients make the crystal smaller and more soluble 
than the pure apatite. The advantage of these impurities is to facilitate the resorption 
of the minerals . 
16 
The mineral content of bone has an age-related evolution. The overall molecular Ca/P 
ratio of human bone is around 1.66, and the ratio increases with increase of age. The 
ratio starts at 1.6 at the beginning of bone formation during very early age, and it 
reaches 1. 7 at the end of human life expectancy. (Ravaglioli et al., 1996) 
c. Mechanical strength of bone 
In order to support the adult body and provide a lever for the muscle to function, the 
skeleton is built rigid. In a given individual , the rigidity of bone is widely variable , 
usually the vertebra has the highest strength, and bone marrow has the weakest 
strength (Morgan and Keaveny, 2001 ). Different parts of the body will have different 
thicknesses and shapes of bone , as the result of how the bone accommodates 
environmental situations. 
When bone samples are standardized to a similar shape, the mechanical strength of 
bone is associated with four factors. They are: collagen orientation , mineral content, 
density, and porosity. Studies by Martin has demonstrated that the strength of bone is 
linearly related to the orientation of collagen fiber (Martin and Ishida , 1989), and 
longitudinal disposed collagen is linked with a higher modulus and monotonic strength 
(Boskey et al., 1999; Martin et al., 1996; Puustjarvi et al., 1999). It has also been 
shown that the strength is highly correlated to bone mineral density as determined by 
computerized tomography (Augat et al., 1998; Lotz and Hayes, 1990; Martin, 1991). 
The mechanical property of bone is highly related to the physical density of the bone. 
( Carter and Hayes , 197 6) In the same study, even the test method shows some 
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influences, as the speed of the strain increased; the strength of bone is mildly 
decreased. Gender also has some influence on the mechanical strength; a male bone is 
usually stronger than a comparable female bone. However, this is the result of the 
higher density of male bone rather than the pure effect of different hormones. (Wall et 
al., 1978) Regardless of the test method and the source of the bone, generally, dense, 
highly mineralized and well-oriented bone had obviously higher strength. 
One special character of bone strength is its anisotropy (Augat et al., 1998; Norman et 
al., 1995); it means that the direction of the testing force changes the mechanical 
properties of the bone. Bone is a lamellar composite material composed of piles of 
collagen fibers, and the long axes of minerals are usually parallel to the direction of 
collagen fibrils. The bone can be seen as a fiber-reinforced composite that is often 
highly anisotropic (Beardmore et al., l 980)and has low longitudinal strength due to the 
direction of the fibers and the weakness of the bond between different layers. The low 
longitudinal strength of the bone was further proved by Vashishth; the cement lines in 
Haversian bone were weak compared to other structures of the bone. More 
microcracks were found at the interface of cement line and the bone during crack 
propagation (Vashishth et al., 2000). These microcracks were formed more 
longitudinally than transversely or inclinedly. Therefore, It is important to notice the 
orientation of strength tests when different reports are compared. It is also better to 
conduct a test that does not cause a break through the interface of the lamellar structure 
of the bone to minimize the effect of anisotropy, and to simulate the clinical functional 
forces because in a normal living situation , bone does not suffer from that direction of 
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force. 
The strengths of the bone have wide variations , from several MPa for the cancellous 
bone to several hundred MPa for cortical bone. The compressive strengths of the 
compact or cortical bone range from 100 to 300 MPa (Carter and Hayes , 1976) 
depending on the location in the body and the anisotropy of the bone. The 
compressive strengths of cancellous bone in human range from 1.3 to 2.9 MPa (Augat 
et al., 1998) or from 4 to 9MPa (Carter and Hayes , 1976) based on different studies. 
The tensile strength of human cortical bone ranged from 60 to 120 MPa, and the male 
skeleton is usually stronger than the female (Wall et al., 1978). The tensile strengths 
of cancelous bone are not available. The strengths of cortical bone and cancellous 
bone are obviously different. 
The Young's modulus of cortical bone and trabecular bone were also different. Studies 
have been done on bone marrow trabecule extracted under microscopes. Samples of 
the trabecule were approximately 2 mm long and 0.2mm in diameter. The Young's 
modulus of the individual trabeculae measured in tension was between 8.7 to 12.7 
GPa, and the modulus of cortical bone ranged between 11.6 to 18.6 GPa (Choi et al., 
1990; Rho et al., 1993). The bending tests usually led to a lower value of modulus; the 
trabeculae had a modulus ranging from 3.2 to 7.8 GPa and the cortical bone was 
between 4.9 and 11.6 GPa under the bending test (Choi et al., 1990; Kuhn et al., 1989). 
All the above studies showed that the trabeculae of bone marrow had a significantly 
lower Young's modulus than the cortical bone did. The differences were probably 
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caused by the microstructure , mineralization and collagen fiber orientation of these 
two tissues . 
Current evidences suggest that bone marrow and cortical bone are different organs. 
Biologically bone marrow is the hematopoietic site and cortical bone is the reservoir of 
minerals. Mechanically, the marrow is hollowed to reduce the bone mass and the 
cortical bone is the real integrity to provide the mechanical strength. (Currey, 2001; 
van der Meulen et al., 2001) Even though these two structures are both formed by 
osteoblasts , most of the literature discusses and tests the strengths of the marrow and 
the cortex separately. 
The mechanical strength of the healing bone does not increase linearly, and it takes a 
very long time, at least six months , for the healing bone to reach its original strength. 
It also depends on the type animal. For example, the strength of a healing bone takes 
one year to recover in sheep (Claes et al., 1995), but it takes about only 6 month in 
rabbits (Wheeler et al., 2000). Another important pattern of the strength seen for 
healing bone is that most of the strength is recovered at the later stage of the healing 
time (Wheeler et al., 2000). Strengths increased dramatically from 12 to 24 weeks. 
III. Foreign body reaction 
The foreign body reaction (FBR) develops in response to almost all implanted 
biomaterials. Even though most biomaterials are bioinert and nontoxic , the FBG is 
inevitable due to the remodeling of the implant sites. It is responsible for the 
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resorption of the biomaterials. Unfortunately , the process and the mechanism of the 
foreign body reaction are not well understood. This chapter of the thesis focused on 
the general process and the histological findings more than on the mechanisms of the 
FBR. 
a. Chronological reactions after implantation 
The first event after the implantation of biomaterials into a living tissue is the 
attachment of proteins and collagens. These proteins are from the extracellular matrix, 
such as collagen fibers , from ruptured vessel such as albumin , complement , and 
immunoglobulin , or from the cells , such as fibrin and lactase. These proteins fill up 
the surgical wound and cover the biomaterials before the cells migrate onto the surface 
of the materials . 
The attachments of these proteins are fast and powerful. It is so fast that the materials 
are all covered by the proteins before inflammatory cells and fibroblastic cells can 
directly contact the materials. (Tang and Eaton , 1993) The proteins attached to the 
surfaces of the biomaterials are difficult to remove even by the strongest detergent. 
(Chinn et al., 1992) Because the proteins encase the biomaterials , the foreign body 
response to the host is mediated largely by the proteins attached to the surface of the 
materials . 
The proteins believed to mediate the inflammatory response are immunoglobulins , 
complement , fibrins and fibrinogens. The immunoglobulin and complements are 
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suspected to be the leading proteins that trigger inflammation around implants just as 
they trigger the inflammation associated with infections. However , in mice lacking 
immunoglobulin or complement , the inflammatory reactions to implant materials are 
normal. (Tang and Eaton , 1993) This study excludes the possibility that 
immunoglobulin and complement initiate the inflammatory reaction of the host. 
Surprisingly , fibrin and fibrinogen have a powerful influence on the inflammation 
response of the host. Fibrinogen is a plasma protein , which is converted into fibrin by 
thrombin to produce blood clots. The importance of fibrin and fibrinogen has been 
reviewed by Tang and Eaton (Tang and Eaton, 1995). When biomaterials are coated 
with fibrinogen before implantation, the number of drafted phagocytic cells is largely 
increased in vivo. If the animal is depleted of fibrinogen , no inflammatory reaction to 
regular biomaterials is noted , however , a normal inflammatory reaction is noted around 
the coated biomaterials. The attached fibrin or fibrinogen builds the inflammation 
reaction by recruiting more phagocytic cells. 
The second event , after the attachment of proteins , is the migration of the cells ; 
fibroblasts , PMN s, and endothelial cells move into the wound and dissolve blood clots. 
Of these cells, the phagocytic cells are the most important of all because they are 
mediating the different kinds of foreign body reaction . 
Phagocytic cells , like PMN , monocytes and macrophages , migrate to the wounded 
areas and bind to the attached protein. These cells are the pivots of the inflammation 
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reaction; they determine the type of inflammation reaction. For contaminated 
materials; infection and acute inflammation are the results, for bioinert materials, 
granulation and foreign body reactions occur, and for bone graft materials, new bone is 
formed around the materials. All these different reactions are controlled and amplified 
by the phagocytic cells via the cytokine released by them. 
In normal wound healing the accumulation of neutrophils and macrophages is 
transient, and is replaced by other cells that mediate proliferation and remodeling of 
the wound repair (Singer and Clark, 1999). With foreign body response, on the other 
hand, macrophages persist at the site of implantation and frequently undergo fusion to 
generate multinucleated giant cells (Anderson, 2000). These cells, known as foreign 
body giant cells (FBGC), are unique to the foreign body reaction and are present 
exclusively at the tissue-implant interface. 
Macrophages are recruited to the sites of implantation as blood-borne monocytes in 
response to signals from other inflammatory cells such as neutrophils. The exact 
nature of such signals has not been clarified, but reports indicate that they are attracted 
by many different kinds of chemokines. Then the macrophages are activated at the 
implantation sites after they contact the materials. The activated macrophage is 
probably the most important cell in chronic inflammation and in foreign body reaction 
because of the great number of biologically active products it produces (Johnston, 
1988). These growth factors, such as PDGF, fibroblast growth factor (FGF), TGF-(3, 
TGFa, IL-I, and TNF are important to the growth of fibroblasts, endothelial cells and 
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epithelial cells (Kovacs, 1991; Wahl et al., 1989). 
The foreign body giant cells (FBGC) originate from the fusion of macrophages, and 
locate on the surface of the implanted materials. FBGC are believed to be the key 
mediators of material resorption (Kyriakides et al., 2004). Due to the large surface 
area of the biomaterials they can contact, FBGC cane create high concentrations of 
enzymes that can cause extensive surface damage. They can engulf larger particles 
than the macrophages can. After the phagocytic reaction, FBGC generate particulate 
debris that can contribute to the persistence of inflammation. 
b. Factors influencing foreign body reaction 
Many factors of biomaterials had impact on the severity of the foreign body reaction, 
such as the topography, the chemical composition, the crystal type, the particle size 
and the attached proteins (Wang, 1993). Among them, only the particle size and the 
attached proteins were sufficiently investigated and discussed in this paragraph. 
The influence of particle size on foreign body reaction was well established in the 
asbestos model. Mossman showed that asbestos fibers longer than 8mm induced 
higher macrophage activity than fibers less than 2mm or non-fibrous particles 
(Mossman, 1990; Mossman et al., 1990; Mossman and Sesko, 1990). Another 
example was the hydroxyapatite particulates in total hip anthroplasty. When the HA 
particles dislodged from the prostheses' surfaces and induced foreign body reactions, 
particles that ranged from 1 to 5 µm were seen in the cytoplasm of mononuclear 
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histiocytes, and larger particles were seen in the multinucleated giant cells (Bloebaum 
et al., 1994). Furthermore, the alumina used in total hip replacement did not generate 
debris large than 5 µm and the inflammation reactions around the alumina prostheses 
were very mild. The macrophages were responsible for swallowing the alumina debris 
without the formation of foreign body giant cells (Boutin et al., 1988). 
The proteins attached to the surfaces of the materials were important factors for the 
foreign body reaction. A series of studies on macrophage adhesion and the formation 
of the FBGC showed the composition and conformation of proteins adsorbed on 
surfaces providing ligands for the adhesion of macrophages and signals for the fusion 
of macrophages (DeFife et al., 1999a; DeFife et al., 1999b; Jenney et al., 1998). 
These studies coated glass surfaces with different proteins or polymers, and found that 
the macrophages reacted differently to different proteins. 
From the above studies, it can be seen that biomaterials and macrophages interacted 
via two different routes, through the proteins on the surface of the materials and 
through the phagocytoses of the macrophages. Before the phagocytosis of the 
biomaterials, surface charging, topography and chemical composition determined the 
types of proteins attached to the surfaces of the materials. The attached proteins 
decided the reaction of macrophages. After the biomaterials were engulfed of, particle 
size ruled the further response of the host. The macrophages were pivotal to the 
foreign body reaction; the interaction between the macrophages and the biomaterials 
activated the macrophage and led to different degrees of foreign body reaction. 
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IV. Bioceramics 
Ceramic biomaterials were initially applied in the medical area because of the 
biochemical inertness and the biocompatibility of the materials. Bioceramics were 
used at the beginning as a replacement for bone, and as a core material in artificial 
joint replacement in the early 1970's. With the development of the materials, some 
bioactive and absorbable materials were invented, so the medical application of these 
bioceramics spread widely and rapidly increased. For instance, in the last two decades, 
many bone graft materials were made from ceramic materials, and many efforts were 
made to add a ceramic coating on the surface of dental implants to increase 
osseointegration. Recently, bioceramics were built as scaffolds for tissue engineering; 
the bioceramics could be a framework for cartilage, bone or other living tissues. 
Based on the chemical composition and their in vivo reactions, bioceramics can be 
classified into three categories, bioinert, bioactive and absorbable bioactive (Lemons, 
1990; Oonishi et al., 1999). Each category is reviewed in the following paragraphs. 
a. Bioinert ceramics 
Alumina ceramics were the earliest and most widely employed bioinert ceramics . 
Their use can be tracked back to the early 1970s. At that time, many joint replacement 
patients suffered from an inflammatory response in response to wear debris from both 
the articulating and non-articulation surfaces. Alumina ceramics were processed to 
make the joint socket and femoral head of the total hip replacement (THR) to prevent 
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the aseptic inflammation that was induced by the notorious metal surface and its metal 
debris. (Boutin et al., 1988) 
Alumina remained virtually unchanged until 1977 when a new generation of alumina 
was processed via sintering the alumina powder at a high temperature ( around 1600 to 
1800°C). The alumina used after 1977 had many superior properties. First, it had a 
homogeneous structure and was almost porosity free because the grain size was 
reduced and the distribution of the grain size was shorter than the alumina used before 
1977. The average grain size was reduced from 4 .3 um to 3 .4 um. Particle size ranged 
between lum to over 20um down to between 1.5um and 5 um. This homogeneous 
alumina was chemically stable and biologically inert. (Boutin et al., 1988) 
Second , the impurities of the alumina , such as CaO, which were associated with 
decreased bending strength after loading , were also reduced. These impurities were 
soluble in tissue fluid and could be a start for crack propagation. Because of the 
reduced impurities , the product had a high compressive strength of 4500 MPa. The 
high compressive strength allowed the material to be applied to the joint surface where 
the concentration of the compression was located. 
Third, the new alumina had a Vickers hardness number of 23000. The high surface 
hardness provided outstanding wear-resistance. The frictional wear of the alumina-to-
alumina surface was lower than other joint interfaces. (Semlitsch et al., 1977) Part of 
the high resistance to wear resulted from its high wettability, which provided 
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outstanding lubrication. These excellent properties of the alumina improved the 
success rate of total joint replacement. (Hamadouche and Sedel, 2000) 
Examination of bioinert ceramics showed that no direct contact or bond between the 
alumina and bone appeared. The inertness of the alumina was shown on the total hip 
replacement models. Connective tissue or fibrous tissue occupied the connection 
between the alumina socket and the iliac bone. The bone might grow into the retention 
grooves of the alumina prosthesis , but there was little direct contact between the bone 
and the alumina (Boutin et al., 1988), unlike other bioceramics that usually showed 
direct contact with the new bone. 
Another characteristic of the alumina inertness was the macrophage mediated foreign 
body reaction. The debris from the alumina prosthesis was very small, usually less 
than 5 um, and it did not trigger the foreign body giant cells as did the debris from 
other metal or polymer prosthesis. The inflammation reaction to the alumina debris 
was less intense than the reaction to other types of prostheses. (Boutin et al., 1988) 
However, even though they were named "bioinert ceramics", the alumina ceramics 
were not completely inert. The wear debris of the alumina ceramics still could cause 
aseptic loosening of the joint. However , the failure rate was greatly reduced. 
(Hamadouche and Sedel, 2000) 
The application of alumina ceramics in other fields was not as prosperous as in the 
artificial joint, because its inertness limited bone formation. When the alumina was 
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implanted as a graft material , bone formation was not associated with alumina 
particles. The new bone started its growth in the inter-particulate area; between the 
new bone and the alumina particles were marrow spaces or fibrous tissue. (Ito et al., 
1987; Ohgushi and Caplan , 1999; Okumura et al., 1992) Sometimes the bone might 
come into contact with the grafted particles , but it was the result of continuous bone 
growth and there was no bonding of the bone to the alumina particles. In the best 
situation , when the graft materials were placed in the distal femurs of the rabbits , the 
studies done by Oonishi (Oonishi et al., 1999) showed very thin bone formation 
associated with the alumina ceramic particles , but other ceramic materials such as 
Bioglass and HA showed that abundant bone formed around the particles. The 
alumina did not favor any kind of bone formation. 
Brittleness is another limitation to the application of alumina as a graft material or a 
scaffold. Though most of the bioceramics are brittle , the scenario was worse when this 
brittle material was completely non-resorbable and bioinert. If the materials were 
resorbable , in the long run mature bone would replace the graft area and the influence 
of the materials would be minimized. The alumina stays in the graft area forever, and 
has no bonding with the adjacent bone at all; reduced mechanical strength of the new 
bone around the alumina particles would be expected. 
Zirconia ceramics or other mixed-oxide ceramics were tried for total hip replacement, 
and the preliminary result showed a promising prognosis. (Hamadouche and Sedel, 
2000) The zirconia ceramics had a higher strength and toughness , which could lower 
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the risk of fracture , and the in vitro study showed similar wear rates to alumina 
ceramics. However, the long-term clinical results were still inconclusive. 
b. Bioactive ceramics 
The term "bioactive ceramics" referred to ceramics that can form a bond with living 
tissues (Ohgushi and Caplan, 1999). This type of bioactive ceramics mostly served as 
a bone graft material. In vivo studies always showed intimate contact between the 
material and the newly generated bone (Neo et al., 1992). Sometimes it was called 
"surface bioactive ceramics" because the surface of the material interacted with the 
tissue and tissue fluid, and the new bone that was formed on the surface of the 
materials. However this term "surface bioactive ceramics" was proved a misnomer, as 
we found that the ions diffused from the ceramics had an effect on the cells far away 
from the surface of the materials. (Chou et al., 1998) 
Theoretically, this type of bioceramics served as a precipitation core for hydroxyapatite 
(HA) or carbonate apatite (HCA) formation in vivo. After the formation of a thin layer 
of HA or HCA ranging from 0.2 um to several um, osteoblasts and other 
osteoprogenitor cells attached onto the newly precipitated HA and bone apposition 
began. This HA or HCA layer was critical for the bond between the materials and 
bone because it intermingles with the crystals of the bioceramics, and the collagen 
fiber of bone was attached on top of the HCA layer (Neo et al., 1992). 
There are two commonly used bioactive ceramics , HA and Bioglass. Numerous in 
vitro and in vivo studies have shown that bone formation was associated and directly 
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contacted the bioactive ceramics. 
Many studies investigated the bond between bioactive ceramics and the associated 
bone. Most of them only tested the existence of the bonding force without 
standardizing the force into strength (Fujita et al., 1991; Tamura et al., 1996; Tamura et 
al., 1997). Only a few studies really tested the tensile strength between the bone and 
the bioactive ceramics to prove the bond between them. (Fujita et al., 1998; Kobayashi 
et al., 1999) In these studies measuring the tensile strength , the bioactive glass was 
mixed with resin and prepared as a polished plate and inserted into the proximal end of 
the tibia of rabbits. After different time periods, the animals were sacrificed, and the 
specimens were collected and put on an Instron machine to examine the bonds between 
the bone and the ceramic plates . The plate was detached from the bone under tension. 
The results showed that the bonding force of the bioactive ceramics was significantly 
higher than the negative control , which was a mixture of resin and quartz. The 
detaching forces were related to the concentration of the bioactive glass in the plates 
and the time of healing; both had a positive relationship with the bonding strength. 
One other study tested the bond between HA and bone; the tensile strength was close 
to zero in 33 days and increased from 0.15 MPa in 55 days to 0.85 MPa in 88 days 
(Edwards et al., 1997). These studies showed the bond of the bioceramics to the bone 
and demonstrated the bioactivity of the bioceramics. 
There are other two terms used synergically with bioactivity , osteoconduction and 
osteoinduction. Both were first described by Urist. (Urist, 1965; Urist et al., 1984) 
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Osteoconduction focuses on the chemical composition and the architectural geometry 
of the materials that will facilitate and support the ingrowths of osteoprogenitor cells 
and the formation of the bone. Osteoinduction illustrates that the differentiation of the 
osteoprogenitor cells from the mesenchymal cells are mediated by the chemical of the 
materials or the growth factors carried by the materials. Some bioactive materials 
provided only osteoconduction and some other bioactive materials were proved to have 
both osteoconduction and osteoinduction. 
Hydroxyapatite (HA) from organic or inorganic origins was used in the field of 
osteogenesis , and it is a very direct idea to use HA as a precipitation seed for the bone 
apatite formation. Commercially available HA can be prepared from coralline 
hydroxyapatite , bovine apatite or sintered HA. 
The bovine derived apatites , for example Osteograft , mostly are made from sintered 
bovine bone at high temperature (over 1200°C). The chemical composition of the HA 
is Ca1o(PO4)6(OH)2, but it is very difficult to process a pure HA. Usually commercial 
HA products contain other calcium phosphate compounds , such as tri-calcium 
phosphate , tetra-calcium phosphate , octa-calcium phosphate or carbonate apatite. The 
impurity of the HA depends on the process temperature and pressure. As a general 
rule , the higher the temperature and pressure that is used, the denser and purer the 
particle is (Tadic and Epple, 2004 ). 
Besides the difficulty in making pure HA, in vivo studies showed that a mixture of HA 
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and j3TCP had better osteogenetic effects than the pure HA or pure j3TCP. (Frayssinet 
et al., 1993; Nery et al., 1992) The HA that performed the best included 15 to 35% 
j3TCP. Most of the commercially available graft materials contains j3TCP ranging 
from 15 to 30 %, and the term "biphasic calcium phosphate ceramic" (biphasic CaP) 
referred to the mixture of the HA and j3TCP. The properties of j3TCP will be addressed 
later, and the "HA" here represents HA and biphasic CaP. 
The biocompatibility of HA and TCP was well known in the literature; no foreign body 
reactions, local inflammation or systemic toxicity has been reported. (Hollinger and 
Battistone, 1986) In most cases the bone had directly contacted with HA without 
intervening fibrous tissues. This has encouraged the application of HA in the field of 
osteogenesis. 
The osteogenetic reaction of HA in vivo involves several steps. First, calcium and 
phosphate partially diffuse from the HA particle surfaces; second, calcium and 
phosphate from the body fluid precipitate on the particle surfaces, forming micro-
crystals, and the carbonate apatite (HCA) might be involved at the same time. Last, a 
collagenous matrix is incorporated on the micro-crystals of apatite. The re-
precipitation of the HCA and the incorporation of an organic matrix were the key 
elements to the bioactivity of the HA. (LeGeros, 2002) Some of the collagenous 
matrixes contain RGD domains, which have high affinity for the integrins on the 
osteoblast to facilitate the attachment and migration of osteoblasts and bone formation. 
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Other than being a bone graft material , HA has been coated on femoral prostheses and 
on dental implants. (Strnad et al., 2000) The two common methods to coat the HA are 
plasma spray and electrochemical deposition. Hypothetically , the HA can enhance the 
bone ingrowths on the surface of the prostheses or implants and increase the success 
rate, but clinical studies showed contradictory results. Some clinical studies showed 
no better or even a worse prognosis. It was reported that the HA might fracture and the 
dropped particles might cause osteolysis around the implant (Bloebaum et al., 1994). 
The result could be related to the thickness , the chemical composition and the 
toughness of the coating. Because the failure mostly came from the decomposition of 
the HA coating , and the methods of improving the strength of HA would improve the 
success rate , it is generally believed that a thinner coating and higher concentration of 
HA will have a better outcome for the coated implants (LeGeros, 2002). 
Bioglass is another successful example of bioactive ceramics. It was invented by 
Hench , who melted the particulate mixture of 45%SiO2, 24.5%CaO , 24.5%Na2O and 
6%P2O5 under a very high temperature (1450 °C). (Hench et al., 1971) Human studies 
have been performed to replace the ossicles in the middle ear, and to fill sockets after 
the extraction of teeth (Wilson et al., 1994). The commercial products , Bioglass and 
Biogran have been successfully used in repairing osseous and periodontal defects. 
(Johnson et al., 1997; Ogino et al., 1980; Schepers et al., 1991) 
The bioactivity of glass-based graft material , as is generally believed , is from the silica 
of the material. The silica enhances bone formation in three aspects. First , the silica 
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forms a silica rich layer upon which hydroxyl carbonate-apatite (HCA) is precipitated 
from calcium and phosphorus saturated body fluid.(Kaufmann et al., 2000; Kim et al., 
1992; Ogino et al., 1980) Bone apposition starts on top of the HCA layer. Second, 
systemically silicon ions have shown the ability to enhance bone formation.(Carlisle, 
1981; Chou et al., 1998; Hott et al., 1993) Third, the silicon ion signals the 
development of the osteoblasts. Osteoblasts express a higher alkaline phosphatase 
activity and osteocalcin secretion when cultured with high silicon ion media in 
vitro.(Lyu, 1999) 
The signal of silicon ions was also proved by another in vitro study, when osteoblasts 
were cultured with the products of Bioglass dissolution. (Xynos et al., 2000a) The 
Bioglass dissolved in the culture medium, which increased the silicon concentration 88 
times, and the calcium concentration 1.1 times. When the osteoblasts were cultured 
with the Bioglass treated solution, the proliferation rate of the osteoblasts increased 
155%, and the expression of IGF-II increased 290%. Other proteins related to the 
activity of IGF, such as IGF-II carrier protein, metalloproteinase-2 and cathepsin-D 
were also increased up to 200%, 340% and 310% respectively. It indicated that the 
proliferation effect ofbioglass or silicon ions was mediated by IGF-II. 
To the knowledge right now, the activity of Bioglass is not restricted to the surface 
only; it also functions through the soluble ions in the tissue fluid. Thus the term 
"surface bioactive ceramics" does not apply to Bioglass, and the term "bioactive 
ceramics" is more appropriate. 
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The surface activity of Bioglass involves five steps to start the regeneration of bone in 
vivo. (Zhong and Greenspan , 2000) First is the exchange of the alkaline ions. The 
Ca2+ and Na+ diffuse out of the bioglass and the H+ or H3O+ influx into the bioglass ; 
this stage is determined by ion diffusion. At the end of the first stage, the alkalinity of 
the solution and the exposure of the silica on the surface are reached. Second is the 
reaction between the exposed silica and the water. The silica breaks down and forms 
the silanols (Si-OH) at the glass-solution interface. Then the surface is covered by the 
silanols and is in lack of alkaline and alkali. Third is the breakdown of the silanol 
layer and the condensation and repolymerization of a silicate (SiO2) rich layer on the 
surface. The surface area is greatly increased by the formation of the silicate rich 
layer. The fourth stage is the migration and cluster of Ca2+ and PO/- onto the surface 
of the silicate rich layer. The calcium and phosphate constitute a thin layer of 
amorphous calcium phosphate . The last stage is the crystallization of the calcium 
phosphate and the incorporation of some anion groups , such as hydroxyl , carbonate , 
and fluoride from the solution. Then a mixture of hydroxyl, carbonate and fluoride 
apatite generate a layer on the surface of Bioglass. These five steps happen rapidly on 
the surface of the Bioglass. An in vitro study showed that the Ca-P crystallized within 
one hour after the Bioglass was immersed into simulated body fluid , and that the 
surface involved in the reaction was very thin (around 0.3 um). (Ogino et al., 1980) 
At the end of the fifth step of the reaction , the precipitation of the apatites on the 
Bio glass increases the surface area and surface roughness of the material , which is now 
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providing binding sites for proteins and cells . Macrophage and osteoblast stem cells 
attach to the HA and HCA layer , at which time the silicon continues activating the 
osteoprogenitor cells to proliferate and to differentiate on the surface of the material. 
The last thing is the intermingling of new mineral from the osteoblasts with the 
Bioglass to form a solid bond between bone and Bioglass. 
The surface activity of Bioglass is related to its chemical composition and to the 
surface area of the materials. When the silicon concentration of Bio glass is higher than 
45%, the formation of HCA on the surface is retarded , and the reaction is dose related. 
It takes 1 hour for the 46% silicon Bioglass to form the calcium phosphate layer and 6 
hours for the 52% silicon Bioglass , but the CaP layer is never formed on the 60% 
silicon Bioglass. (Ogino et al., 1980) The same study revealed by means of an in vivo 
push-out test using rat tibia , that the Bioglass of 46% silicon achieved the best bonding 
result among the compositions from 42% to 60% silicon after 10 days and 30 days of 
implantation. Similar results were noted in the other in vitro studies. When the SiO2 
content was increased, the rate of the reaction was decreased. (Filgueiras et al., 1993b; 
Greenspan et al., 1995; Kim et al., 1992) In the same study by Filgueiras , magnesium 
added to the Bioglass had a negative effect on the formation of the HCA layer. The 
surface area of the Bioglass containing 46% silicon increased up to 120 m2/g as the 
materials were immersed in simulated body fluid, and the HCA layer formed faster on 
the higher surface areas , according to Greenspan (Greenspan et al., 1995). Based on 
the above studies , a 45% silicon concentration is the optimal concentration for the 
HCA to precipitate on the Bioglass surface. 
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The solution used in those in vitro studies had significant influence on the behavior of 
the ceramics. In general, the solution containing serum protein and high Ca and P 
concentration in the medium would facilitate the formation of HCA layer and 
continuous solution replenishment could also promote the HCA layer. (Filgueiras et 
al., 1993a; Filgueiras et al., 1993b; Radin et al., 2000) However, the influence of the 
serum protein had been ignored, as most of the in vitro studies were performed in 
simulated body fluid. 
Even though Bioglass has been used as a successful graft material, some studies 
showed that Bioglass was inferior to other porous grafting materials which were 
bovine-derived graft materials ( Al Ruhaimi, 2001; Schmitt et al., 1997; Stavropoulos 
et al., 2003). It seemed difficult to be absorbed in vivo. It showed no evidence of 
resorption even after one-year implantation. (Hamadouche et al., 2001) Numerous 
research projects have been going on to improve the osteogenesis and the absorption of 
this bioactive glass. The result of one of them, is the invention of sol-gel glass and 
will be discussed in the next group of bioceramics. 
The bioactive ceramics are comparatively non-resorbable; it means that the resorption 
rate of the material is much slower than the resorption rate of living bone. The 
resorbable bioactive materials discussed in the next paragraph have resorption rates 
similar to living bone, (Fujita et al., 2003) and all of them show significant reduction 
of mass in animal studies. 
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c. Resorbable bioactive ceramics 
This type of bioceramic can interact with the surrounding tissues and fluids as the 
bioactive ceramics does, but it can be absorbed by the living body. However, it does 
not mean that the previous bioactive ceramics are not absorbable; instead the 
resorption time of the non-absorbable ceramics is comparatively long compared to the 
resorption rate of human bone. Most of the modern technologies focus on this type of 
bioceramic because most authors think the absorbable materials are superior to the 
non-absorbable, and the adverse effects of the foreign body reaction will be 
minimized. There are three major types of absorbable bioactive ceramic, the calcium 
carbonate, the calcium phosphate and the sol-gel glass. 
Calcium carbonate (CaCO3, calcite) was once popular in the late 1980s. Most of it 
was derived form coral. The coralline calcium carbonate had homogenous 
interconnecting pores around 140 to 160 microns and the material was almost totally 
absorbable. The mechanism of osteogenesis aroused by calcium carbonate was similar 
to HA, involving the dissolution of the calcium and re-precipitation of the carbonate 
HA (Damien et al., 1994). Nevertheless the osteogenetic effect was not as good as the 
absorption rate. This led to early absorption without bone formation. (Hollinger and 
Battistone, 1986) Though the calcium carbonate did not succeed, the use of coralline 
calcium carbonate led to the invention of coralline hydroxyapatite ( e.g. Interpore ), 
which did show results similar to other HA materials. 
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Calcium phosphate based resorbable bioceramics include aTCP, (3TCP (both are 
Ca3(PO4)2), TeCP (C~O(PO4)2), OCP (CasH2(PO4)6), and carbonate hydroxyapatite. 
These materials are similar to HA; they share the same mechanism of osteogenesis and 
they are difficult to process in a pure crystal form. But unlike HA, they have less 
dense crystal structures that allow the absorption taken by osteoclasts or via 
dissolution. 
The popular source of calcium phosphate was bovine bone. Mostly the products were 
processed by heating bovine cancellous bone to more than 3 oo0c followed by 
chemical treatments such as ammonia phosphate, and sodium hydroxide. The 
temperature and the chemicals determined the crystal form of the final products. (Lin 
et al., 2000) 
As the processing temperature gradually increased, the organic components were 
burned out first at about 300°C, and the carbonate hydroxyapatite was left. The second 
composition to be burned out was the carbonate, from 400 to 700°C. If the 
temperature reached 700°C most of the carbonate evaporated to become carbon oxide. 
The residual crystal was unsintered calcium phosphate. (Tadic and Epple, 2004) Then 
the crystal structure started to sinter; the higher the temperature, the more sintered HA, 
and the less resorption of the material in the living environment. 
The chemical solution also affected the product in a dramatic way. For example, when 
bovine bone was heated within ammonia phosphate up to 900°C, (3TCP was produced. 
The proportion of (3TCP was positively related to the concentration of ammonia 
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phosphate. (Lin et al., 2000) 
It is important to note that there are many trace minerals and ions in natural bone other 
than calcium phosphate , such as magnesium and zinc. These trace elements 
composing the different crystalline phase compositions of bioceramics are the 
impurities of calcium phosphate , and those trace minerals and ions might have certain 
effects on the properties of bioceramics. 
~TCP and carbonate hydroxyapatite (CHA) are the two common and poplar bone graft 
materials that belong to the calcium phosphate group. 
~TCP probably is the first bioceramic used in humans. Its application can be traced 
back to 1920. Ablee reported an animal study using TCP to accelerate bone healing; 
the TCP was injected into the fractured forelimbs of rabbits and the bone healed more 
rapidly than the empty control (Ablee, 1920). In the same paper, the author mentioned 
that the human application of TCP was already started, but no results of a human study 
were released. Some other random anecdotes were also reported after Ablee , but 
serious researches on it did not start until the 1970's (Cameron et al., 1977). At that 
time, most of the ~TCP was used in the dental field; new bone generation was needed 
around periodontal defects (Levin et al., 1974) and in the apical area after endodontic 
treatment (Koenigs et al., 1975) . Bioceramics were recruited into the dental 
treatments since then. 
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For the last two decades, the use of the (3TCP has been gaining popularity especially in 
Europe, because mad cow disease prevents purchase of bovine derived HA. Synthetic 
(3TCP would eliminate the possibility of transmitting disease and it had a similar 
mechanism of osteogenesis as the HA did to re-precipitate the HCA layer onto the 
material surface. 
CHA may have been used as a graft material longer than we realize. It was once 
believed that bone mineral was mainly composed of hydroxyapatite, and the bovine 
derived graft materials were all HA products. However recent researches showed that 
the bone apatite was more carbonate HA than pure HA (LeGeros, 2002), and the 
chemical composition of the bovine derived graft materials were thoroughly 
investigated to show that many graft materials were CHA rather than the once-believed 
HA. (Tadic and Epple, 2004) Those reports of the use of bovine derived HA at the end 
of the last century could have been mistaking the CHA for the HA. 
The CHA is categorized in a different group from the HA because the CHA has a 
different crystal structure and a high resorption rate. Most of the available CHA is 
processed from bovine bone. The bovine-derived CHA has low crystallinity, which 
means that the particle size is very small. It is similar to the natural crystal of bone. 
These small crystal particles are easily dissolved in vitro and degraded in vivo . 
Because of the high dissol:ution, the re-apposition of the HCA layer on the particles is 
fast , and further leads to the quick formation of bone on the material surfaces. 
However the major composition of CHA is still HA, and the ratio of HA to carbonate 
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HA can ranged from 6 to 30. This is the result of the nature of bovine structure and the 
fact that these impurities are not evenly distributed inside the bone apatite (Tadic and 
Epple , 2004) . 
The acronym CHA should not be confused with the term hydroxyl carbonate apatite 
(HCA) , which describes the amorphous precipitation on bioactive ceramics after their 
immersion in simulated body fluid or implantation into an animal body (Filgueiras et 
al., 1993a; Heikkila et al., 1995; Jones et al., 2001). Whether HCA and CHA are the 
same is still unclear, but currently it is prudent to distinguish CHA from HCA; the 
former is bovine-derived graft particles , and latter is the thin layer of precipitate on the 
bioceramics. 
Sol-gel glass was invented recently to be a bone graft material as well as a scaffold for 
bone tissue engineering . (Li et al., 1991) The chemical composition of sol-gel glass is 
similar to Bioglass but without sodium oxide . The structure of sol-gel is totally 
different from the structure of Bioglass. 
Sol-gel glass is processed from a gel solution of tetraorthosilicate , triethylphosphate 
and calcium nitrate with hydrogen chloride or nitric acid as the catalyst (Jones et al., 
2002 ; Zhong and Greenspan , 1997; Zhong and Greenspan , 2000). The gel is then 
dried at 150 to 180 degrees , and heated up to 700 degrees Celsius. It is called sol-gel 
glass to differentiate it from the previously mentioned melt-derived Bioglass, which is 
processed from melting the solid chemical components ( 45%SiO 2, 24.5%Na 2O, 
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24.5%CaO and 6%P2Os). 
The new processing method provides several advantages over the previous method. 
First, the processing temperature is lower, from 1450°C down to 700°C, which reduces 
the cost of the oven and the crucible containers needed for high temperatures. Second, 
the composition of the sol-gel can be manipulated easily; the silicon concentration can 
range anywhere between 45% and 100% (Zhong and Greenspan, 2000). Third, some 
materials can be added in to improve the properties of the sol-gel. For example, silver 
oxide has been incorporated into the sol-gel particles to add antimicrobial effect to the 
glass (Bellantone et al., 2000; Saravanapavan et al., 2003b). 
The product, sol-gel, is structurally different from its precedent. Because of the gel-
drying procedure , the sol-gel contains numerous pores in the size of nanometers that 
increase the surface ten thousand folds more than the solid Bio glass (Li et al., 1991; 
Sepulveda et al., 2001 ; Zhong and Greenspan , 1997; Zhong and Greenspan , 2000). 
The porosity and surface area of sol-gel is shown in Table 1. 
Average pore size (A) Total pore volume Surface area (m2lg) (cm3lg) 
Sol-gel 34 0.49 289 
Bioglass NIA NIA 0.027 
Table 1 Comparison of the porosity and surface area between sol-gel glass and Bioglass 
Another difference between these two generations of bioactive glass is the low sodium 
content of the sol-gel glass. The sodium is eliminated from the sol--gel because both 
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in vitro and in vivo the sodium oxide in the glass generates sodium hydroxide, which 
leads to a high basic condition and may be toxic. Table 2 shows the composition of 
Bioglass and two sol-gel glasses that have been tested in vivo. 
Na Si p Ca 
Bioglass 24.5 45 6 24.5 
SG 58 - 58 4 38 
SG77 - 77 4 19 
Table 2 Composition ofBioglass and two nominal sol-gel glasses (SG58 and SG77) 
This sol-gel glass, which contains 58% silicon (SG58), is considered to be a better 
bone graft material than Bioglass based on the theories and some in vitro studies. One 
theory is that the porosity and the high silicon concentration of the sol-gel glass can 
speed up the formation of a silanol layer on the glass surface and can further accelerate 
HCA apposition. It was proved by an in vitro study that HCA apposition was faster on 
sol-gel glass surfaces than on Bioglass (Greenspan et al., 1997; Sepulveda et al., 
2002). Another theory is that the porous structure of the particles can facilitate the 
continuous diffusion of silicon ions, which has an osteoinductive effect as previously 
mentioned, but this theory is not supported by the in vitro observations (Silver et al., 
2001) that osteoblast cells cultured with sol-gel did not have superior activities 
compared to cells cultures with Bioglass. There are not enough in vivo studies to 
clarify the theories at this time. 
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The sol-gel glass is highly absorbable due to the porosity of the material and the low 
sodium content. The porosity increases the dissolution and degradation 
(Saravanapavan et al., 2003a) that is beneficial to the in vivo absorption of the 
materials. The sodium raises the pH value of the surrounding fluid, neutralizes the 
proton released by the osteoclasts and retards the absorption of Bioglass, if the 
absorption of the materials is mediated by the osteoclasts. In vivo studies showed SG 
had a much better absorption rate than BG did (Hamadouche et al., 2001; Wheeler et 
al., 2000). 
Both the osseogenesis and absorption rate of sol-gel glass were proposed to be higher 
than those of Bioglass, but only a couple of studies have been performed to evaluate 
the in vivo result of the sol-gel. Of them, one (Hamadouche et al., 2001), used a bulk 
form of bioactive glass, which was not relevant to the clinical situation, when most of 
the graft materials were placed in a powder form to leave space for the osteoprogenitor 
cells to grow in, and only histology was investigated in that study. The other study 
(Wheeler et al., 2000) used glass particles and tested the histology and the mechanical 
properties. However, it was a short-term experiment, only 12 weeks, in rabbits. 
Therefore, the long-term in vivo effect of sol-gel glass has still not been fully 
investigated. It is the purpose of this study to discover the long-term effect of sol-gel 
glass in living tissues. 
d. Factors to the osteogenetic effect 
Most bioceramics have been used as bone graft materials. Therefore, it is interesting to 
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know which graft material has the best result and the mechanism behind it. Many 
studies compared the osteogenesis of different bioceramics in vitro, but it is difficult to 
predict the reaction in humans by the in vitro studies. In the following comparison 
only in vivo studies are included. 
If the bioceramics were produced in a solid form, Bioglass outperformed other bone 
graft materials. Oonishi placed different bioceramics in the femoral heads of adult 
rabbits. The speed of bone growth in descending order was Bioglass>TCP>HA 
(Oonishi et al., 1997; Oonishi et al., 1999; Oonishi et al., 2000), Cancian used the 
mandibles of monkeys. There the amount of bone formation was Bioglass > HA 
(Cancian et al., 1999), and Schepers Placed material in the jaw bones of Beagle dogs. 
The ranking of the amount of bone around the particles was Bioglass>HA. (Schepers 
et al., 1991) All these studies indicated that the chemical composition of Bioglass was 
capable of increasing the speed of and the amount of osteogenesis in vivo. 
However, lots of the calcium phosphate products are bovine derived, and contained 
numerous porosities. There is no porous Bioglass available so far and it might not be 
fair to compare solid Bioglass with porous HA or CHA. If Bioglass and other porous 
calcium phosphates are compared, the porous materials are superior to solid Bioglass. 
Two examples of the porous bioceramics on the market are Bio-Oss and Laddec. Bio-
Oss is bovine CHA and Laddec is the bovine HA. Both of them show more bone 
formation than Bioglass does in rabbits (Al Ruhaimi, 2001; Schmitt et al., 1997) and in 
rats (Stavropoulos et al., 2003). It indicates that the geometry of the material is more 
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important than the chemical composition , and that high surface area and an appropriate 
pore size can facilitate bone ingrowths . 
The influence of particle size was tested by Oonishi. HA particles of 1 to 3 microns 
and 100 to 300 microns , as well as (3TCP particles of 10 um and 300 um were tested. 
( Oonishi et al., 1999) The materials were inserted into the femoral condy les of rabbits 
and the amount of bone formation was compared. The smaller particles showed less 
bone formation than their larger counterpart did. It seemed that the osteoblast cells 
were hindered by the densely compacted small particles which had to be absorbed 
before the new bone could grow in. It was suggested by the author that a minimal 
particle size, say 300 microns , was required to produce optimal inter-particulate spaces 
for the osteoprogenitor cells to infiltrate. 
The effect caused by the range of the particle size showed controversial results. 
Schepers compared Perioglass particles (US Biomaterials , Alachua, FL) and Biogran 
(Orthovita , Malvern , PA) in vivo. Both chemical compositions were Bioglass , but the 
particles of Perioglass ranged from 90 to 710 microns, and the particles of Biogren 
were sieved between 300-360. When the Bioglass of different particles were placed in 
the jaw bones of beagle dogs, the Biogran sieved particles showed more bone around 
the graft materials (Schepers and Ducheyne , 1997). But, in the study done by Wheeler 
(Wheeler et al., 1998), in which Bio glasses of different particle sizes were implanted 
into the distal condy les of rabbit femurs , the amoupt of bone formation and the 
mechanical properties of the new bone were comparable for both materials. A similar 
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result was noted by other investigators. When Biogran and Perioglass were placed in 
the tibia of the rabbits , bone quantities in different material groups did not show 
significant differences. (MacN eill et al. , 1999) So far, there is no clear evidence to 
identify the benefit from the sieving of particles. 
Based on the above studies , we can conclude that the osteogenetic effects of the 
bioceramics are contributed by the chemical composition and the geometry of the 
materials. The chemical composition of the materials , such as high silicon or high 
calcium, and the geometry of the ceramics, such as the porosity or the particle size, are 
the key issues in inventing new graft materials. 
V. Mechanical strength test 
There are several methods used in the literatures to verify the mechanical properties of 
new bone , the push-out test , the compression test , the tensile strength test , and the 
flexural strength test. Each method has its own indication and advantages. This 
chapter briefly discusses the different methods and the rationale of the three-point 
bending test selected in our study. 
The push-out test is applied to a cylindrical implant that is placed through the cortex 
of the recipient bone , and the mechanical property is represented as shear strength. 
Unfortunately, some studies did not use shear strength. Only the forces needed to push 
out the implants were presented , if the data are not converted and standardized into 
shear strength , it is difficult to make a comparison between different studies. For 
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example the study done by Ogino , testing the bond between Bioglass and the 
surrounding bone (Ogino et al., 1980), only showed whether the materials had failed 
the push-out test or not, and there is no way we can apply the mechanical property in 
this study to another study. Even though the results can be standardized, the push-out 
test is still not commonly used to determine the mechanical properties of new bone for 
the following two reasons. First the test mainly measures the strength of the interface 
between new bone and old bone rather than the strength of the bulk of the new bone 
and implants. The interfacial integrity is contributed by the chemical bond and the 
surface roughness. When the surface roughness depends on the surgical instruments 
and the designs of the surgery, it is difficult to identify the effects of the grafted 
materials (Edwards et al., 1997; Shirazi-Adl , 1992). In other words, the push-out test 
shows the result of the surgical techniques and the geometry of materials. The 
chemical bond between the materials and the bone is unable to be tested. Second, 
finite element studies have shown that the push-out test does not place the interface in 
a state of simple shear force, in fact, a multi-axial stress is the real strength pattern at 
the loaded interface (Raab et al., 1981). Therefore , with the push-out test , we are 
facing technical problems and inherent inconsistent results. 
The compressive strength test prevails in the literature about mechanical strength tests. 
In the compressive strength test, the materials are broken by the pressures applied to 
t4em. It is a simple, easy and straightforward test for a composite material like bone, 
and the abundance of results in the literature allows the easy comparison of different 
studies. The ultimate strength of trabecular bone in humans ranges from 1.3 
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MPa(Augat et al., 1998) to 9MPa (Carter and Hayes, 1976). Compact or cortical bone 
ranges from 100 to 300 MPa (Carter and Hayes, 1976), depending on the location in 
the body and the anisotropy of the bone. Because of the great difference between 
trabecular and cortical bone, it is recommended that the researcher separate the cortex 
from the marrow when testing the mechanical properties (Carter and Hayes, 1977), and 
in this way we will achieve a more consistent result. The only drawbac k of the 
compression test is that it needs a certain amount of bone to be compressed . In small 
animals such as mice and rabbits , the amount of bone usually is not sufficient for a 
compression test. Otherwise , the compressive strength should be the first choice for a 
strength test. 
Another common method is the tensile strength test. In this test, materials are pulled 
apart until the tested materials fail. The tensile strength of human bone ranges from 60 
to 120 MP a (Wall et al., 1978). One study which worked on sheep showed the mean 
tensile strength was 120.5 MPa (Claes et al., 1995), and this study tested the tensile 
strength of healing bone. One thing worth mentioning is that the interface of the new 
bone and the original bone is the weakest of all new generated bone under tensile 
strength test because all the specimens are broken at the interface. In small animals we 
can use a bar of bone for the tensile strength test, and we can test the bonding ability of 
the new bone, but we cannot test the mechanical properties of the new bone itself. It is 
more clinically relevant to know the mechanical integrity of the new bone than that of 
the interface. In the experimental situation , the interface is created by a sharp saw that 
leaves a smooth surface , while in a real clinical situation , the interface is always 
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roughened to provide mechanical interlocking. If strength inside the newly generated 
bone is to be evaluated, other strength tests should be chosen. 
The three-point bending test is designed to apply a load in the middle of a sample and 
the sample is supported at both ends. The flexural strength, the transverse strength or 
the modulus of rupture is the same terms to represent the strength obtained from the 
three-point-bend test. This test is common in testing dental materials for bridges and 
denture bases, because this type of force is similar to the occlusal force loading on 
these dental appliances . The three-point bending test is somewhat similar to the 
functional force loaded on a long bone; the center of the long bone takes the stress 
from the insertion of the muscle and each end of the long bone is supported by the 
joint area. When the mechanical property of the long bone is concerned, three-point 
bending test should be an appropriated method. 
52 
OBJECTIVES 
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Objectives 
The objectives of the study were to evaluate the osteogenetic effects of biphasic glass, 
the in vivo change of the materials and the leached ions of the materials. 
The osteogenetic effects were interpreted by the following parameters: 
1. The amount of bone formation associated with the materials. 
2. The mechanical strength of the new bone. 
The in vivo change of the materials were presented as: 
1. The resorption of the materials . 
2. The chemical compositional change of the materials. 
The leached ions were analyzed by: 
1. Investigating the increased concentration of the leached ions in the surrounding 
tissue 
2. The correlation between the leached ions and the ions of bone mineralization. 
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Materials and Methods 
Lists of materials, manufactures and lot numbers are shown in the tables. 
1. Medication 
Materials Manufacturer Lot. Location Dose Number 
Lidocaine Patterson 085-3978 2%lidocaine w/epi 1 :100,000 
Buprenex Reckitt & Colman 149145 Richmond, VA Buprenex 0.3mg in Pharmaceuticals Inc lmL 
Baytril Bayer 540011T Kansas Enroflaxin 22.7mg/mL 
Xyla-Ject Phoenix 1030340 St. Joseph, MO Xylazine 1 00mg/mL 
Ketaset Fort Dodge 440393 Iowa Ketamine 1 00mg/mL 
Acepromazine Boehringer Ingelheim 061ZJ05-5 St. Joseph, MO Acepromazine Maleate Injection l0mg/mL 
Surgical lubricants Samuel Perkins 0205-42 Quincy, MA Surgilube box144 
Irrigation saline Samuel Perkins R5200-01 Quincy, MA Sodium chloride0.9% 
2. Materials and reagents 
Materials Manufacturer Lot. Location USE Number 
Paraformaldehyde Fisher Scientific 951273 Pittsburgh, PA 4% in PBS 
Embedding resin Polysciences 17734A-900 Warrington, PA Osteo-Bed Bone Embedding Resin 
Villanueva 
Dry bone stain Polysciences 16280-450 Warrington, PA Osteochrome bone 
stain 
Embedding resin Sigma B2030 St. Louis, MO Benzoyl peroxide, 
accelerator 70% titration 
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3. Equipments and instruments: 
Item Manufacturer Mode/No. Location Description 
Surgical kits Devon 700-TIN Buffalo , NY Kwik-Kit (Bunny Kit) 31368445 
Razors Samuel Perkins 1477 Quincy, MA Prep Razor 10/package 
Scalpels Samuel Perkins #3 Quincy, MA Scalpel Handle #3 fits 10-15 blades 
Scalpels Samuel Perkins 4-315 Quincy, MA Miltex Scalpels # 15 
Irrigation syringes Samuel Perkins SS300 Quincy, MA Terumo, 30cc Syringe 
Medication syringes Samuel Perkins 513538 Quincy, MA Monoject,3cc Syringe,25x 1 needle 
Medication syringe Samuel Perkins 501178 Quincy, MA Monoj ect syringe, 1 cc, 26gax3/8 " 
Periosteal elevators Samuel Perkins 35-912 Quincy, MA Dental Elevators 
Retractors Samuel Perkins 25-763 Quincy, MA Skin Retractors , 2prons , blunt 
Chromic gut Sutures Samuel Perkins 551B Quincy, MA Look , Chromic Catgut 4-0, FS2 
K-wire Samuel Perkins 20-0101-9 Quincy, MA K-wire 0.035x9"package 
of3 
Bone saw Samuel Perkins 30-886 Quincy, MA Satterlee Bone Saw, 4 l/2 "blade 
F enestrated drapes Samuel Perkins SD2020-4 Quincy, MA F enestrated drapes 20x20w/4 x3/4 
F enestrated drapes Samuel Perkins SD3030-4 Quincy, MA F enestrated drapes 30x30w/4 x3/4 
Gauze Samuel Perkins 2315 Quincy, MA Gauze sponges 4x4, 8 ply 
Gloves Samuel Perkins 02-9570 Quincy, MA Tillostson sterilized gloves #7 
Gloves Samuel Perkins 02-9575 Quincy, MA Tillostson sterilized gloves #71 /2 
Diamond Blades Buehler 11-42-43 Lake Bluff , IL 15HC Diamond Blades , 3"x0.006" 
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X-ray film Pattemson 311-6159 Marj etta, OH Kodak ultra-speed film, DF-58 
Bone dishes Patterson 084-9174 Marjetta , OH Dappen Dish, Clear 
Anesthesia syringes Patterson 089-9765 Marj etta, 0 H Aspirating Syringe 
Low speed engine Patterson 043-4159 Marj etta, 0 H Electric Lab Engine , NC-350 
Trephine Bur Hu-Friedy TRE060C Chicago , IL 6mm Trephine Bur 
Sterilization wraps Henry Schein 100-6950 Melville , NY CSR Wraps 24"x24" 100/case 
Pyrex flask Fisher Scientific 10-088D Pittsburgh , PA 250 ml Pyrex brand flask 
Centrifuge tubes Fisher Scientific 05-539-1 Pittsburgh , PA 15ml tubes , polysterene , 50/rack 
Centrifuge tubes Fisher Scientific 05-539-6 Pittsburgh , PA 50ml tube , polypropylene , 25/rack 
Microscope slides Fisher Scientific 15-118-52 Pittsburgh , PA ProbeOn Plus Slides (144/pack) 
Cover glasses Fisher Scientific 12-548-5G Pittsburgh , PA Premium cover glasses 24x30 , 1oz 
Permount Fisher Scientific SP15-100 Pittsburgh , PA Fisher Permount 
mounting medium 
Slide Boxes Fisher Scientific 03-448-2 Pittsburgh , PA Slide boxes 
Reusable Petri dishes Fisher Scientific 08-747B Pittsburgh , PA Pyrex reusable dish 12/pack 
Liquid measure Fisher Scientific 08-559D Pittsburgh , PA F isherbrand cylinders 
with scale 
Disposable Petri Fisher Scientific 08-758-2 Pittsburgh , PA Compartmentalized dishes Dishes 
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I. Surgical procedures 
a. Animal model 
, Fifty-nine male New Zealand white rabbits, aged three months, weighing 3.5 to 4.5 kg, 
were purchased from the farm (Pine Acre Research Farm, Norton, MA). The protocol 
and the amount of the animals were approved by the Institutional Animal Care and Use 
Committee, Boston University Medical Center (BUMC). Animals for this study were 
purchased, transported to the BUMC Laboratory Animal Science Center (LASC), and 
housed individually before the study. All animals were given general physical 
examinations and quarantined for two days before the surgical intervention to insure 
their health status. All animals were identified via ear tattoos and numbered by marker 
pens and housed in individual cages to insure adequate labeling for the entire duration 
of the study. The anesthesia, surgeries, post-surgical care and sacrifice were performed 
in the LASC under the NIH guidelines for the care and use of laboratory animals (NIH 
Publication #85-23 Rev. 1985). 
b. Test materials and sample size 
The mixtures of sol-gel glass and Bioglass of different ratios (SG 1, SG2), and Bioglass 
s45 (BG) were the three test groups (Fig 1 ). SG 1 contained 60% sol-gel glass and 40% 
Bioglass, SG2 composed of 12.5% sol-gel and 87.5% Bioglass, and the BG is the 
commercial product, which contains only Bioglass particulate of size ranging from 90 
to 710µm. The combination of SG and BG was to testify any synergistic reaction of 
these two materials and the use of two different ratios was to investigate any dose 
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effect of the new material. The materials were provided by the company, 
USBiomaterials, and the chemical compositions were analyzed by EDS at Boston 
University, Biomaterials laboratory, Department of Restorative Science/Biomaterials, 
School of Dental Medicine 
Figure 1 Gross examination of the material. Left: SG 1 (SG:BG=60:40) containing 
smaller glassy particles and larger white particles. Middle: SG2 (SG:BG=12.5:87.5), 
similar to SG 1 but lower amount of white particles. Right: BG (100% Bioglass) 
containing homogenous glassy particles. 
Four different groups, including three graft materials plus the empty controls, were 
compared for the rate and the quality of bone defect repair. Material implantation was 
arranged according to the randomized schedules established to evenly distribute the 
materials between left and right limbs within a study period. 14 rabbits were used to 
provide 28 surgical sites in each time period, 3, 6, 12, and 24 weeks, so the total 
number of experimental rabbits was 56. In each time period, the 28 surgical sites were 
divided into four groups, SG 1, SG2, Bioglass and the Empty control. Therefore, seven 
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test sites were implanted with the same material for evaluation at each of the four test 
periods (Table 3). Other than the 56 experimental rabbits, three extra rabbits were 
used without any surgical intervention to gain a baseline of the original mechanical 
strength of the bone. 
Time Period 
0 weeks 3 weeks 6 weeks 12 weeks 24 weeks 
SGl 7 7 7 7 
SG2 7 7 7 7 
Bioglass 7 7 7 7 
Empty Control 7 7 7 7 
Un-operated 6 
Control 
Table 3 Sample sizes 
c. Surgical procedure 
General anesthesia was obtained via intramuscular injection of ketamine 35mg/kg and 
xylazine 5 mg/kg. Buprenorphine .03 mg/kg was given before the surgery, to achieve 
good postsurgical analgesia. 0.5 ml of 2% Lidocaine with epinephrine 1: 100,000 was 
injected to anesthetize the nerve supplying the lower leg. The knee area of both hind 
limbs were prepped and draped in a sterile manner for surgery. The depth of the 
anesthesia was evaluated according to the HR and respiration. In case the animals 
needed more anesthetic agents, a half dose ofKetamine/ Xylazine was given. 
All rabbits underwent the same surgical procedure (Fig 2). The surgical approach 
consisted of a skin incision over the medial tibia to expose the mesio-medial surface of 
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Figure 2 A: The incision exposed the tibia. B and C: A 7 mm diameter hole was 
created by the trephine bur. D: The material placed inside the defect, the bleeding 
was easily controlled. 
the tibia. The periosteum was incised and elevated for subsequent re-apposition on 
primary closure. The transverse surgical defect was created in the coronal plane by 
using low-speed , cannulated reamers ( 6 mm trephine burs) and the speed was set 
constantly at 1000 rpm. The defect depth extended from the medial cortex to the 
lateral cortical wall and the lateral cortex was left intact. The final diameter of the 
defect was 7 mm. The defect was rinsed with saline to remove any residual particulate 
and the site was packed with gauze to control bleeding~ The gauze was remove d and 
the site was implante d with the appropriate graft material or left empty. Material 
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implantation was arranged according to randomized schedules established to evenly 
distribute the materials between left and right limbs within a study period. The 
surgical site was closed in layers with chromic gut sutures. Then the contralateral limb 
was implanted in a similar fashion with the other graft material. No animal received 
the same material in both limbs. 
Each animal had an individual chart that recorded the heart rate, body temperature, ear 
tattoo, and the medications given. The charts were kept in the animal center until the 
animals were sacrificed. After the specimens were harvested the charts were collected 
at the Biomaterial laboratory. 
d. Post-operative care 
Following the surgery, the animals had been kept under observation until the animal 
recovered from the effects of the anesthesia. The animals were monitored until fully 
awake and able to ambulate. The animals were turned frequently until they were 
capable of sitting up in the prone position and then returned back to the cages. Access 
to water was allowed when recovery was obviously completed. 
The animals were administered analgesics with Buprenorphine (Buprenex) .02-.05 
mg/kg s.c. every 8-12 hours to control the surgical pain for 96 hours and antibiotics 
( enrofloxacin 5mg/kg SC bid for 5 days) was given to prevent infections accordingly. 
Whether the animals received antibiotics and/or post-operative analgesics more than 
96 hours were based on an as-needed basis according to the clinical observation of the 
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animals. 
During the later postoperative period, the animals were seen daily, and their conditions 
were discussed with the animal center staffs and veterinarian. Post-operative activities 
were monitored individually according to the NIH Guide for the Care and Use of 
Laboratory Animals. Clinical observations of the animals' eating habits, ambulatory 
function, and wound healing were monitored by the Study Site Director or other 
personnel as designated by the Site Director. All the animals were monitored for pain, 
neurological complications and adverse events throughout the course of the study. 
Particular attention was given to the surgical site with an emphasis on wound healing 
and signs of infection. The animals judged to be abnormal by the facility staff were 
referred to and examined by the Study Director. 
Data on post-operative care, treatment, surgical complications, and the administration 
of antibiotics and analgesics were recorded and kept with the surgical charts. These 
charts were kept in Biomaterial laboratory after the animals were sacrificed for any 
further references. 
e. Schedule of procedure 
The operations were originally separated into four different dates (Table 4). Because 
of the complications some compensational surgeries were added on. To save the 
follow-up time, the group of 24 weeks was operated first, and the group of 3 weeks 
was operated last. 
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Groups Numbers of Surgery date Sacrifice date Note 
animals 
p 1 9/25/02 10/16/02 and Pilot study 11/6/02 
, 1 14 10/2/02 3/18/03 Two animals fractured the leg. One expired. 
2 14 10/23/02 1/14/03 One animal fractured the leg 
3 14 10/30/02 12/11/02 
4 14 11/13/02 12/03/02 
1 3 11/20/02 5/7/03 
2 1 11/20/02 2/12/03 
Table 4 Schedule of animal surgery and sacrifice dates. Group p: pilot study. The 
follow-up times for other groups: group 1: 24 weeks, group 2: 12 weeks, group 3: 6 
weeks, group 4: 3 weeks. 
f. Complications and managements 
Some complications happened randomly, and the complications could be categorized 
based on the time periods, surgical, post-surgical , and observing period . The 
descriptions of the complications were separated into these three parts and the 
managements were briefly addressed. 
The general complication that we faced during the surgery was the hemorrhage of the 
empty control group. Even with the primary closure of the wound, the bleeding was 
not easy to stop in the empty marrow space. In the material groups the bleeding was 
very easy to be stopped by packing the material, either Bioglass or Sol-Gel Bioglass. 
However whether the hemostatic effect was from the glass itself or from the packing of 
the material needs further investigation to clarify it. 
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Some animals of the empty control group lost mass amount of blood, and showed 
drowsiness even after three hours postsurgery. The heart rates were also high. In the 
first group (24-week group, table4) one animal expired because of low blood pressure. 
, Similar situations were noted in other groups, but 30 to 40 mL normal saline was given 
subcutaneously to increase the body fluid and the condition was controlled. 
Most of the complications happened randomly during the observation period, and they 
were swelling, fracture or suture loosening. In the first group, three animals had 
complications. One animal was noted redness and swelling at the right leg for 3 days 
after the surgery, and it healed eventually. Another two animals had fractures at the 
right ankle that led to early sacrifices of the animals. The same situation happened to 
one animal in the second group (12-week group, table4) and an early sacrifice was 
performed. Three animals were added on to compensate for these fractured cases 
(Table 4). The sutures on one animal in the second group were lost twice. We figured 
out that the rabbit bit away the stitches and finally the sutures were placed and covered 
with bandage to protect them. 
In the events of complication, one animal expired at the post-surgical period, and three 
animals were sacrificed prematurely. These numbers of animals were repeated on 
another surgical day, as the above table showed. We had three failures from the first 
group and one failure from the second group; it seemed that it was the learning curve 
that affected these failures, and most of these complications were preventable with 
experiences and cautions. 
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g. Euthanasia 
All animals were humanely sacrificed in the animal center by the methods in 
accordance with accepted guidelines of the American Veterinary Medical Association's 
, panel on Euthanasia. The animals were tranquilized with acepromazine ( 5mg/kg) 
subcutaneously. The rabbits were placed in restrainers to secure the position and the 
posterior auricular veins were identified. Euthanasia of the sedated animals was 
performed by intravascular injection of an overdosed pentobarbital sodium solution 
(11 0mg/kg) into the ear veins via 25-gauge needles. Heart and respiration rates were 
monitored until death. 
h. Medications 
1. Buprenorphine 0.3mg/ml: Buprenex manufactured by Reckitt & Colman Products is 
packed in 1 ml ampoules. For a 4 kg rabbit, each time we injected 0.4 ml for the 
surgery to tranquilize the animal and 3.2 ml was needed to control the post-surgical 
pain within 4 days after the surgery. 
2. Ketamine: ketaset, manufactured by Fort Dodge, is a 10 ml vial with the 
concentration lO0mg/ml. 1.4 ml was needed as the major anesthesia agent for a 4 kg 
rabbit in one surgery to obtain deep. 
3. Xylazine: Xyla-ject (xylazine l00mg/ml) from the company, Phoenix 
Pharmaceutical INC, is contained by a 50 ml vial. For a 4 kg rabbit, 0.25ml was 
coadministered with ketamine to induce short periods of surgical anesthesia. 
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4. Enroflaxin: Baytril from Bayer contains 20 ml enroflaxin in a vial with the 
concentration 22.7 mg/ml. 0.9ml was injected each time for a 4 kg rabbit, and 9ml was 
, given 5 days after the surgery to prevent any infection. 
5. Acepromazine: Acepromazine 1 Omg/ml is made by the company, Boehringer 
Ingelheim. For a 4 kg rabbit, 2ml was sufficient to tranquilize the animal for 
euthanasia. 
6. Pentobarbital: Euthanasia solution containing pentobarbital 389mg/ml was prepared 
by the Animal Center. For a 4 kg rabbit, 1.13 ml was indicated to euthanize the animal. 
i. Harvest and preservation of samples 
After the sacrifice, incision was made at the knee to separate the tibia from the femur, 
then the middle shaft of tibia was sectioned by the Stryker saw. Samples of about 
twenty-five centimeters in length were harvested and kept in an ice tank of zero degree 
until radiographic examination. After the x-ray, the samples were fixed under 4% 
formaldehyde for 24 hours. 
j. Orientation and processing of samples 
The samples were separated into three parts, one for the histology, another for the 
mechanical strength, and the other for the plastic embedding and EDX analysis. In 
order to fully illustrate the relationship between the materials and the surrounding 
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tissue, the detail of the orientation are described below. 
The defect was created from the medial wall of the tibia, so the first orientation was to 
place the tibia on the table with the medial wall on the top. (Fig 3) When the medial 
side of the tibia faced up, a 7 mm hole with the bone graft material inside was shown 
on the surface of the sample. The superior pole of the sample was the knee joint, and 
the inferior pole was the shank of tibia. The posterior wall of the condyle showed as a 
bulge, and it was on the left side for the left leg and on the right side for the right leg. 
The first two incisions were sagittal to this orientation and they were parallel to the 
long axis of the tibia and the round hole was separated into two symmetrical bows and 
one long narrow strip. The distance between the two incisions was 0.8mm, and then 
the sample was divided into three pieces. The anterior part went through 
decalcification and paraffin embedding, the middle part was plastic embedded for 
EDX analysis, and the posterior part was used for the mechanical test. The anterior 
part was sectioned again after decalcification and paraffin embedding; the incisions 
were parallel to the first incision line and two incisions were made in order to fabricate 
three sections on one slide. The middle part that was 0.8mm thick did not get any 
more separation. The last parts for the mechanical strength needed further sections. 
We turned the posterior part to 90 degrees, so the bone marrow faced us. We 
identified the junction between the cortical bone and the bone marrow, and we made 
an incision right at the junction. The natural cortical bone with the new bone at the 
center was used under three-point bending test. 
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Figure 3 The orientation of the samples. The sample was sectioned into three parts, A, 
Band C. A was further processed for the mechanical strength test, B was preserved for 
SEM and EDAX, and C was decalcified for the H&E stain. 
The histology specimens were sent to the pathology department, Boston Medical 
Center where the decalcification , paraffin embedding and H&E staining was 
performed. The SEM and EDX samples were dehydrated right after the initial 
sectioning and embedded in the methy 1 methacry late resin. The samples for the 
mechanical strength test were kept in normal saline until the strength test. 
II. Radiographic Examinations 
Radiographic films were taken immediately after the animals were sacrificed. The 
specimens were positioned that the de-corticated medial surfaces were perpendicular to 
the films, so the healing of the cortical bone did not interfere with the reading of the 
material absorption in the marrow space. 
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In order to standardize the density of the image , the same x-ray machine was used for 
all the radiography, the distance between the cone and the film was always kept at 15 
cm, and the exposure mode was set at 70 KVp for eight sixtieth of a second. The films 
,were developed through the same developing machine. The x-ray films were scanned 
into the computer so the density could be transferred to digital numbers by the 
software, "NIH IMAGE". The density of the defect was adjusted with the density of 
the adjacent marrow area; the difference between the density of the defect and the 
density of adjacent marrow was calculated as the final density and the differences were 
used in the statistical tests. 
III. Mechanical Testing 
ASTM standard #C 1161 was followed to test the flexural strength of the newly 
generated bone, and Instron machine model #4202 was used. 
In order to eliminate the effect of the surrounding bone and to test the mechanical 
properties of the new bone only, the samples were further ground to rectangular pieces 
(Fig4). The cortical part of the new bone along with the adjacent natural bone was 
sectioned to a rectangular piece (about 3 x 0.9 x 20 mm). The material and the newly 
formed bone were kept at the center of the rectangular piece for the three-point 
bending flexural strength test, thus the midpoint under the three-point bending test was 
composed only by new bone and materials without the interference of the intact bone 
(Fig 5). 
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Figure 4 The mechanical specimen. Left: the mechanical specimen was ground to a 
rectangular piece; the central part only contained new bone and materials. Right: the 
real specimen was ready for three-point bending test. 
Then the Instron machine was set as follows for every sample. One kilonewton cell 
was employed to limit the maximum load level at 1 KN. The span of the specimen 
was set at 9.6 mm. The crosshead speed was kept at 0.5 mm/min and the machine 
stopped when the load level dropped more than 0.011 KN or the crosshead moved 15 
mm. The real dimensions of the specimen , measured after the test, were entered into 
the computer. The width and depth were measured at the breaking site on the 
specimen (Fig5). 
Assuming the specimens fractured at the mid-points, we calculated the yield strength 
of the bone by the following equation: 
3 x Load (N) x Span (mm) 
Stress (MPa) = ---------------
2 x Width (mm) x Thickness 2 (mm2) 
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Sometimes the samples broke off at the mid-point, and the distance between the 
fracture line and the midline were measured under microscope to calculate the real 
yield strength correctly by the following equation: 
Span (mm) - 2 x Distacne off the midline 
Strength (MPa) = ---------------
Span(mm) 
x Stress(MPa) 
Figure 5 The three-point flexural test. Left: The distance between the lower two bars was 10 
mm. Right: the fractured sample was measured to enter the width and depth. The distance 
between the central point of the three-point test and the actual fracture line was measure to 
calibrate the strength according to the previous equation. 
Besides the experimental samples, six tibias from another three rabbits without any 
surgery were collected to provide intact bones for the mechanical strength test. The 
intact bones were harvested with the same procedure as the experimental groups, and 
the medial side of the intact cortical bone was sectioned and trimmed to a rectangular 
piece for the three-point bending test in the same manner described before. 
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IV. Histology 
The samples were immersed in EDTA solution to decalcify for 10 days. Each sample 
,was sectioned into three pieces in order to make three sections on one slide, and then 
embedded in Paraffin. After the samples were sliced on a microscope slide, the H&E 
stain was performed. Categorical and numerical data were all collected, and analyzed 
to compare the bone formation and material resorption. 
a. Categorical data 
The categorical data of osteogenesis was based on the bone types under microscope. 
The classification, according to Lekholm and Zarb (Lekholm and Zarb, 1985) was 
referred to as: 
Type I: dense cortical bone 
Type II: thick cortical with some marrow space 
Type III: thin cortical bone with some marrow space 
Type IV: thin cortical bone with abundant marrow space 
However, the classification of bone type by Lekholm and Zarb was applied to the 
residual mandible ridge, where no new bone, surgical trauma, nor graft material 
existed. In order to suit the experimental circumstances, some modification and new 
categories were added: 
Type I: lamella bone, thickness> 1.1mm 
Type II: lamella bone, 0.8mm <thickness< 1.1mm 
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Type III: lamella bone, 0.5mm<thickness< 0.8mm 
Type IV: lamella bone, thickness< 0.5mm 
Type V: woven bone 
, Type VI: woven bone with some granulation or uncalcified tissues inside 
Type VII: granulation tissue , or deep indentation on the cortical surface. 
The differentiation among type I to IV was based on the thickness of the cortical bone, 
and that among type V to VII was depending on the amount of woven bone. In the 
intact tibia of rabbits , the mean width of the cortical bone layer was about 0.8mm; the 
thickest we observed was 1mm, the thinnest was 0.5mm, and the ninety-nine percent 
confidence interval was 0.8+/-0.3mm (the numbers were rounded for easy 
measurements under the microscope). Therefore we categorized the regenerated bone 
type I as the bone formation exceeded the range of the normal bone. If the thickness 
was above the average , 0.8mm, it was type II. Below the average was type III. In type 
IV, minimal cortical bone was formed. So far it was similar to the referred 
classification , but the healing process of the bone has not been described yet. So we 
added type V for woven bone , and type VI for woven bone with some uncalcified 
tissue or undifferentiated papillary tissues. Type VII indicated deficit wound healing 
including total granulation tissues or deep indentation on the cortical surface. 
Categorized data were also used to present the residual materials were as follows: 
Grade I: no resorption of the materials was noted at all. 
Grade II: some resorption of the materials could be found with increased inter-
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particulate space. 
Grade III: Bone or bone marrow occupied the majority of the lesion, but some 
materials still could be found. 
Grade IV: no material was observed on the slides, or the results of the empty controls. 
The Bioglass was identified as pink transparent substance and the sol-gel glass 
presented the bubble appearance. Occasionally, the material was washed away during 
decalcification and left empty spaces, which might be mistaken as marrow spaces, but 
they still could be the differentiated from each other by their morphology. The spaces 
of the materials contained sharp angles and the marrow spaces were round or oval. 
b. Quantified data 
The histological slides were transferred into digital images via photography (Nikon 
coolpix 990). The microscope was set at 20 times magnification and the camera was 
zoomed to the widest angle, so the same areas of different specimens were taken into 
the camera. The data were quantified under the computer prograµi, "NIH IMAGE", to 
transfer the amount of residual materials and the new bone formation to numerical 
data. The residual material, the new bone formation and the size of the defect were 
selected by the selection tool of the software, and the areas were calculated in pixels. 
The ratio of the residual material to the defect area and that of the new bone to the 
defect were measured and used in statistical analysis. 
V. Non-decalcified samples 
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The samples used for the mechanical test were further processed for non-decalcified 
samples to observe the fracture point and the residual materials. Because the material 
and tissues blended together, it was not possible to identify the materials and the 
, surrounding tissues without staining. The samples were stained under Villanueva 
Bone Stain solution (Polysciences ). The stains were processed as the manufacturer's 
instructions according to the paper by Villanueva (Villanueva, 197 4 ). 
The samples were ground to 100 um and rinsed in distilled water. To make complete 
permeation of the stain into the bone, the samples were immersed in Villanueva Bone 
Stain for 48 hours. After the stain, the samples were gently polished to grind away the 
surface stains, washed with 0.01 % mild household detergent, and rinsed with distilled 
water. Then the stains were differentiated in 0.01 % glacial acetic acid in 95% 
met~anol for 25 minutes. After differentiation, the samples were dehydrated in 95% 
and 100% alcohol, 15 minutes each. The last step was to clear the samples with 
gradient xylene/alcohol solutions; 50% xylene for 10 minutes, 75% xylene for 5 
minutes, 90% xylene for 5 minutes and three changes of 100% xylene for a total of 15 
minutes. 
Under the microscope, the osteoid seams were stained green or dark red, partially 
mineralized bone red or orange red, and mineralized light green. (Villanueva, 197 4) 
The lacunae, canaliculae, artifacts and other spaces showed light red. All the non-
decalcified samples were photographed and quantified by the same method described 
in the decalcified specimens. 
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VI. Plastic embedding and SEM examination 
a. Acrylic embedding 
One part of the sample was used in the SEM (scanning electron microscope) and EDS 
, examinations. The sample was embedded in the methyl methacrylic resin according to 
the manufacture's instruction (Polysciences Inc) based on two similar protocols (Hand, 
1996; Maniatopoulos et al., 1986) Procedures of fixation, dehydration and embedding 
are described below. 
After the initial section (Fig 3), the middle part of the sample was fixed in the 
formaldehyde less than 24 hours to minimize the diffusion of the ions. Then the 
sample was gradually dehydrated by 70%, 95% and 100% alcohol, twice in each 
concentration and one hour in every change. 
After dehydration, the sample was immersed in the embedding solution (Osteo-Bed 
Resin Solution, Polysciences Inc) with three changes to wash away the alcohol. Then 
the solution was switched to catalyzed infiltration solution, which contained benzoyl 
peroxide (70% titration, Sigma). Two grams of benzoyl peroxide was dissolved in 
1 00mL Osteo-Bed resin solution to make the catalyzed infiltration solution. 
Last, the sample was embedded in the embedding solution, which contained 5g 
benzoyl peroxide in every lO0mL resin solution, and left in a vacuum desiccator for 
seven days. In order to accelerate the polymerization the sample was kept in a 50-
degree oven for one month. 
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The methods and materials used in acrylic embedding had several advantages over 
other methods. The methyl methacrylate is a long chain polymer without cross-link 
unless some cross-link is provided by adding dibutyl phthalate and it is easily 
, dissolved in xylene or acetone for further experiments. Other acrylic such as epoxy 
resin, or glycol methacrylate, with strong cross-link bond, is difficult to be washed 
away, and it eliminates the possibility of delicate protein and enzyme test after the 
embedding. (Newman and Robot, 1999) The processing temperature for the methyl 
methacrylate utilized is lowered in this method, in contrast to the previous 80°C, the 
polymerization reaction can take place in the room temperature, and it also preserves 
the structure of proteins for other investigations. (Bernhards et al., 1992) After 
polymerization, the specimen does not need to be stored in the freezer that facilitates 
the mail or the storage of samples. 
The only disadvantage of the methyl methacrylate is the vulnerability of the non-
crosslink polymer to the bombarding of electron beams. The dibutyl phthalate is 
added to increase the resistance of electron beams and a low voltage is required for 
them to be observed under an electron microscope. (Bernhards et al., 1992) 
In order to test the influence of the plastic embedding, some tested materials were 
embedded in the same way and examined under SEM and EDS machine. The graft 
particles were analyzed before embedding, after embedding, and after implantation. 
b. SEM examination 
For the SEM as well as EDS examinations, the samples were sputter coated with gold 
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for 60 seconds. In SEM and EDS analysis, the voltage was set constantly at 12KeV, 
the distance between the beam and the specimen was kept at 12 mm, and the spot size 
ranged from 5.9 to 6.3 to gain optimal field and clearness under the microscope. 
VII. EDS analysis 
All the samples were sputter coated with gold and the data were collected by the 
program "Inca" (OXFORD INSTRUMENT, Concord, MA 02114, USA). The EDS 
analysis focused on three aspects, the materials, the ions in the surrounding tissues, and 
the bone. 
a. The compositional change of the materials 
The elements in the tested materials were analyzed under EDS before embedding, after 
embedding, and after 3, 6, 12 and 24 weeks of implantation. 
Before the embedding, the particles were analyzed by two different methods. Some 
particles of each group, SG 1, SG2 and BG were ground to fine powder and pressed 
into discs. Three discs were made from each material group. These discs were 
scanned to obtain the initial chemical composition of each material. Apart from these 
discs, fifteen SG particles picked from SG 1 group and fifteen BG particles from BG 
group were directly scanned without embedding to represent the material before 
embedding. 
Another fifteen particles of the Bioglass and sol-gel glass were embedded in the acrylic 
resin to test the influence of the embedding on the material particles. The change of 
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the materials in vivo was compared with the embedded and the non-embedded 
materials. The embedded materials were also used as a pilot study that we found the 
center of the materials had more consistent results of the composition than the edge of 
, the materials, which might be influenced by the embedding resin or the surrounding 
tissue. So the central parts of the particles were selected and analyzed under the EDS 
machine. 
Because there were actually only two kinds of particles, SG and BG, in the experiment, 
the difference between these two glasses was compared at different time periods. 
Calcium, phosphate, sodium and silicon were the four major elements in the materials 
and the data of these four elements were collected. 
b. The elements in the surrounding tissue 
This part of analysis concentrated on the surrounding tissues inside and outside the 
defects. The margins of the defects were identified under the SEM and the sites of 
interest were selected at the center of the defect, 1 mm inside the margin, at the 
margin, 1 mm away from the margin and 2 mm away from the margin (Fig 6). For 
each specimen nine locations were analyzed under EDS from the proximal end to the 
distal end. 
The particles of the materials and the solid bone were avoided and their morphologies 
could be easily distinguished from other soft tissues or marrow spaces. Only the soft 
tissues or the marrow spaces were selected and analyzed in this part. 
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Figure 6 A section of the defect under the SEM. The margin of the defect was identified 
by the interruption of the cortical bone, and the distances to the margin were marked. A 
total of nine locations was tested under the EDS from the proximal part to the distal part 
Four elements, silicon, calcium, phosphate, and sulfur were the significant elements in 
the surrounding tissues. The silicon indicated the graft material, which could be 
decomposed or dissolved in the graft sites. The detection of silicon meant either the 
ion was leaching out of the materials or the materials were fragmented into very small 
particles. The calcium and phosphate were the compositions of the bone mineral, and 
their presence in the surrounding tissue inferred the early mineralization of the bone. 
The sulfur was rich in the cartilage, and a high amount of sulfur could be the sign of 
endochondral bone formation. 
c. Analysis of the bone growth 
The chemical composition of the healing bone was analyzed under the EDS. Similar 
locations of the tibia were selected in different groups. The healing bone was analyzed 
at 0, 3, 6, 12 and 24 weeks. 
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Some intact cortical bone was chosen from the non-surgical sites close to the defect 
and that represented the bone minerals of the intact bone. At three and six weeks, the 
cortical bone has not been formed yet, so the woven bone adjacent to the periosteum 
was select to represent the cortical part of the bone. At 12 and 24 weeks, most of the 
samples healed to show the cortical bone on the defect, and this part of cortical bone 
was analyzed to represent the elements of the healing cortical bone. 
The inorganic mineral contents of the bone were highlighted; the change or the 
increase of calcium and phosphate was expected during bone formation and 
remodeling. The ratio of Ca/P was another indication of the bone apatite, which had a 
Ca/P molar ratio of 1.67 or a weight ratio of 2.157. (Ravaglioli et al., 1996) 
VIII. Statistical Methods 
ANOVA was used for the numerical data, such as the mechanical strength and the 
density of radiography. Differences between different materials from the same time 
period were compared to exam the influence of the materials and differences within the 
same materials from different time period were tested to verify the change of the 
materials over time. In the multiple comparisons, Tukey test was used. Occasionally, 
student t-test was used in the analysis of the material composition, because in fact only 
two different materials were tested. The categorical data, including bone types and 
absorption patterns were analyzed by Chi-square tests. All the statistical tests were 
calculated by the computer program "SPSS" (SPSS Inc). 
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Figure 7 Flow chart of the sample processing. 
* Indicated the results were collected and statistically analyzed. 
84 
RESULTS 
85 
RESULTS 
I. Mechanical Strength 
The mechanical strength of all the groups continuously increased from 3 to 24 weeks 
, (Table 5 and Fig 8). Within three weeks , the samples were too soft to be examined and 
these samples were mostly fibrous tissue at this time as shown in the histology parts. 
At the sixth week , the fibrous tissue became woven bone and the mechanical strength 
was slightly higher than the strength of human bone marrow. From six to twelve 
weeks , the bone strength increased moderately but not significantly. It implied that the 
remodeling of the cortical bone had taken place. The strength increased dramatically 
from 12 to 24 weeks (t-test , p<0.001). In the SG 1 group , it was close to the original 
strength of the bone. 
SGl SG2 BG Empty 
3 weeks 0 0 0 0 
6 weeks 20.0±10.4 22.6±14.1 33.6±19.6 19.9±7.3 
12 weeks 37.4±19.8 27.0±6.7 41.0±20.7 36.6±20.6 
24 weeks 177.8±38.1 144.1±20.1 113.4±39.6* 146.9±63.4 
Table 5 Average strength in MPa (n=5). When comparisons were made between 
different groups , no significant difference was found except where noted(*). 
* Asterisk indicated significant (p=0.006 , Tukey test). 
intact 
-
-
212.5±13.5* 
When comparisons were made among different groups , the statistical test only showed 
differences (Table 5) between the intact bone and the BG group at 24 weeks. (p=0.006 , 
Tukey test) Even though the statistical tests between SG 1 and BG or SG2 and BG 
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indicated that the data were not significantly different, (p>0.05) it seemed that SG I 
generated a bone of higher strength than BG did. There was no statistical difference 
between the SG I and the intact bone samples at 24 weeks, but the smaller average 
, strength and the large standard deviation in group SG I inferred that the mechanical 
strength of the new bone could grow higher with a smaller standard deviation after 24 
weeks. 
Strength of new bone (MPa) 
250 -r- ------------------, 
200 ------------ -- ---- --
150 -ti--------------- ~ • 
1 00 -ti--------------- ~ • 
6weeks 12weeks 24weeks* 
Figure 8 The flexural strength of the new bone and the intact bone (n=5). The strength 
increased three to four times higher from 12 to 24 weeks. 
* Asterisk indicates significance (ANOVA, p<0.01) and the paired comparison showed 
difference between intact bone and group BG (intact >BG). 
In conclusion, at 24 weeks all the groups except group BG had the mechanical strength 
of the new bone similar to the strength of new bone. and the SG I restored the highest, 
but not a significantly higher, strength among the groups in the long-term experiment. 
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II. Radiographic examinations 
Absorption of the materials was identified in the x-ray films; the density of the marrow 
space was gradually reduced (Fig 9). All materials showed continuous absorption 
through the experiment periods. The quantified data were collected to analyze the 
absorption of the material (Table 6) and the comparisons were made within the same 
material group and among the different material groups. 
Figure 9 Radiographic examinations. A-D are SG 1 group, E-H are SG2 group, I-L are BG 
group, and M-P are empty control group. Pictures from the left to the right are 3, 6, 12, and 
24 weeks. The opaque areas of the grafted materials (indicated by arrows) were gradually 
reduced over time. The defect areas in the empty control ( arrow heads) had not completely 
healed at 24 weeks. 
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In the same material group , the absorption of the material was revea led by radiogra phy 
and all the materials showe d significant reduction ofradio-density (ANOVA, p < 0.01). 
SG 1 had an abrupt reduction of the density from 3 to 6 weeks. Groups SO2 and BG 
, had flat curves of the density change (Fig 10). 
SOI SO2 BG Empty 
3 weeks 29 .30(6.85) 30.73( 4.59) 37.16(7.37) 2.26(4.61) 
6 weeks 17.69(6.94) 25 .22(3 .18) 25.70(8.29) 5.56(9.06) 
12 weeks 15.69(7.74) 12.22(7.64) 10.76(4.98) -0.37(7.03) 
24 weeks 14.06(5. 85) 9.72(3. 17) 6.13( 8.27) -0.57(5.77) 
Table 6 Bone density , standard deviation in parentheses (n=6). When the paired multiple 
comparis ons were made within the same material , significant absorp tions of the material 
were identified in every material group (p<0.05 , ANOVA). But no difference was found 
among the different material groups (p>0.05 , ANOVA). 
50 
40 
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20 SG2 
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Figure 10 The bar graph of radiographic density (n=6). The material groups had 
higher densities than the empty control at 3, 6 and 24 weeks (p<0 .01, ANOVA). 
The densities were gradually reduced , but no significant differences were found 
between different materials at any time interval. 
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When different groups were compared at the same time period, the bone densities of 
all the experimental groups were higher than the empty control even at the 24th week 
time period (ANOVA, p<0.001 ). However, in the paired comparison, the absorption 
rates were not significantly different among different materials. 
In summary of the radiograph examinations, even though the reduction of the density 
was obvious from time to time, no difference was found among the tested materials. 
III. Histology examinations: 
The results of the histology examinations were divided into three parts, the subjective 
findings, the categorical data and the quantified data. The first part describes the 
histological findings under the microscope. No statistical comparison was made in this 
part. The second and third parts were based on the classifications and tools mentioned 
in the methods and materials, and included statistical tests. 
a. Microscopic observation 
The microscopic observations are illustrated in a chronological order. Most of the 
pictures were taken at a magnification of twenty times to show the general pattern of 
the wound healing. Some images were magnified one or two hundred times to 
illustrate the detail. 
At three weeks, osteoblasts or osteoprogenitor cells migrated into the defects and 
occupied all the inter-particulate spaces of SG 1 (Fig 11 ), SG2 (Fig 12) as well as BG 
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(Fig 13). The newly generated woven bone , stained dark pink in H&E stain, presented 
no orientation , surrounded almost every grafted granule , and contacted the graft 
materials directly. Some calcified tissues could be noted at the peripheral surface of 
the defects. It seemed that the mesenchymal cells had migrated from the outside into 
the center of the defects. At the same time , the cells contacted the graft particles , and 
they started to differentiate into osteoblasts. The calcification pattern from the outside 
toward the inside of the defects represented the patterns of cell migration. 
Figure 11 The histology of SG I group at 3 weeks. The dark stain 
represented the bone, which started from the periphery of the defect and had 
close contact with the grafted particles. The arrows on the left hand side of 
the oicture show the distant bone formation. 
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None of the material groups showed outstanding results over other groups at three 
weeks. The defects were all densely packed by the graft materials and most of the 
grafted particles were enclosed by new bone. No obvious reduction of the materials 
was noted. 
Figure 12 The histology of group SG2 at 3 weeks. The findings were similar 
to group SG 1 at 3 weeks. Distant bone formation can be seen at the right side 
of the margin (arrows). 
Besides the osteogenetic cells surrounding the graft materials , some distant bone 
formation was observed in the material groups. (SG 1 in Fig 11, SG2 in Fig 12 and BG 
in Fig 13) The distant bone formation , similar to the external ectopic osteogenesis 
found in the tissue engineering with osteoinductive implants (Brekke and Toth, 1998; 
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Vogelin et al., 2000), took place outside the defects and inside the marrow space, about 
1 mm away from the margin of the defect where no materials were present. This 
phenomenon was noted in most of the material groups at three weeks , and probably 
because of the rapid remodeling of the marrow space, it was, as described in the latter 
chapter occasionally found at 6 weeks and never found at 12 or 24 weeks. 
Figure 13 The histology of group BG at 3 weeks. The pattern of bone 
healing was similar to SG 1 at 3 weeks. Distant bone formation appears at 
both sides of the margins (marked by the arrows). 
The pattern of the bone formation included both endochondral and membranous bone 
formations. The endochondral bone formation was noted by the lacunae cells, which 
had a round shape and were surrounded by a dark eosinophilic stain. The distributions 
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of the lacunae cells were different between the material groups and the empty control. 
For the material groups, SGl (Figl4), SG2 (Fig15) and BG (Fig16), the cartilage cells 
evenly spread through the wound area, some even directly contacted material particles , 
but for the empty control group (Fig 17), the cartilage was only found on the periosteal 
surface. Almost all of the observed cartilage had already calcified at three weeks. The 
membranous bone formation contributed to most of the histological findings of the 
bone at this time period; the flat spindle shape cells covering the calcified bone surface 
were easily identified. 
* 
-
Figure 14 Endochondral bone formation of group SG 1 at 3 weeks. The 
cartilage and the lacuna cells were found at the bottom of the picture (arrows). 
Membranous bone formation was observed at the upper part of the picture , 
including some spindle and cubic cells lining on the calcified bone surface 
( arrow heads). Some particles of the materials (asterisks) were washed away 
and left empty spaces at the upper left side of the picture . 
* 
Figure 15 Endochondral bone formation of group SG2 at 3 weeks. The 
cartilage (arrows) contacted the glass graft material (asterisk) directly. 
* 
* 
I 
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Figure 16 Endochondral bone formation of group BG at 3 weeks. The 
cartilage cells (arrows) were closed to the BG particles (asterisk). 
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Figure 17 Endochondral bone formation of the empty control at 3 weeks. The 
cartilage bone formation was noted (arrows) close to the periosteum (triangle). 
The morphologies of SG and BG particles under the microscope were different (Fig 
18), even though it was not necessary to identify the histology of the materials. The 
particles of BG were homogenously stained and showed pink glassy color. The 
particles of SG had a bubbly appearance; bubbles several microns in diameter were 
seen inside the materials. The SG particles were generally larger than the BG particles. 
Many BG granules were smaller than 100 um, but most of the SG particles were larger 
than 200 um. 
Unfortunately , some of the particles were washed away by the decalcification agent , 
and left empty spaces. That excluded the identification of the materials , and these 
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empty spaces should not be mistaken as the marrow spaces. The round empty spaces 
inside the defects were considered the marrow spaces, and the irregularly shaped 
empty spaces inside the defects were counted as the residual materials and measured in 
the categorical and quantified data. 
Figure 18 The particles of SG and BG from SG2 group. The star marked the 
bubbly SG particle and the triangle indicated the solid BG particles. The 
center of the BG particle was invaded by the bone tissue. 
Both materials, SG and BG were all biocompatible. Neither acute infection nor 
inflammation was noted at 3 weeks; lymphocyte infiltration or accumulation of 
macrophage was not found either. Both SG and BG showed high affinity to the bone 
tissue, and all the material particles closely contacted the adjacent bone or fibrous 
tissue. These evidences supported the biocompatibility of the materials. 
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The empty control showed diverse reactions at 3 weeks. The invasion of adipose 
tissue , the incomplete thin woven bone , the woven bone from membranous bone 
formation , and even the endochondral bone formation were all observed. Some 
samples showed combined results; for instance, Fig 19 showed that both the 
interrupted thin woven bone and the endochondral bone formation occurred on the 
cortical part of the wounded area. Most of the empty controls showed defected and 
incomplete healing of the wound surface. 
1mm 
Figure 19 The histology of the empty control at 3 weeks. The cartilage bone 
formation was noted at the right side (arrows) close to the periosteum , the 
center was the granulation tissue (triangle) and at the left side only a thin layer 
of bone was formed (arrow). 
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At six weeks, the woven bone was noted throughout the defect. This six-week period 
indicated the initially completed calcification of bone . Most of the particles were 
surrounded by calcified bone in this time period , other than previously noted fibrous 
tissue. This also confirmed that the fibrous tissue found at 3 weeks was the process of 
the membranous bone formation. 
1mm 
Figure 20 The histology of SG 1 group at 6 weeks. The resorptions of the 
materials were represented by the increased inter-particulate spaces, and by 
the cortical part of the new bone, where the materials were almost all replaced 
by the new bone (asterisk). The distance bone formation could be identified at 
both sides of the defect (arrows). 
The amount of the grafted material was obviously reduced. The inter-particulate 
spaces were larger than those at three-week period , and it represented the resorption of 
99 
some materials. This phenomenon happened mostly to SG 1 group and most often at 
the bone area close to the periosteum. Sometimes the cortical part of the SG 1 and SG2 
group showed a large area of trabecular bone without any graft particles (Fig 20 and 
_ 21). It seemed that the implanted materials , SG 1, SG2 and BG were all resorbable, but 
the SG 1 and SG2 showed higher amount of absorption than the BG. 
Figure 21 The histology of SG2 group at 6 weeks. The findings were similar 
to the SG 1 group at the same time period. The resorptions of the materials 
were prominent at the cortical part of the new bone; the materials were almost 
all replaced by the new bone (asterisk). The distance bone formation could be 
identified at the left of the defect (arrows). 
On the margin of the defects , some distant bone formation was still noticeable in the 
material groups, SGl (Fig 20), SG2 (Fig21) and BG (Fig 22); the trabecules of distant 
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bone formation did not contact any graft particles. However, due to the rapid bone 
remodeling, the bone was thinner and the samples with the distant bone formation 
were fewer than those at three weeks. 
Figure 22 The histology of BG group at 6 weeks. The inter-particulate 
spaces were gently increased, compared to the histology at 3 weeks. All the 
particles were associated with trabecular bone around them. The distant bone 
formation was shown at the right side of the picture (arrows), but was less 
prominent than the distant bone formation found at 3 weeks. 
The empty controls at 6 weeks showed compromised healing and the results of wound 
healing were diverse. Some samples were forming the cortical bone but had deep 
indentations at the center of the surgical sites (Fig 23 ), some samples showed the 
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invasion of adipose tissue without bone formation and some samples only formed very 
thin and interrupted trabecular bone on the periosteal surfaces. 
mm 
Fig 23 The histology of the empty control group at 6 weeks. Incomplete 
healing was shown by the deep indentation (triangle) at the center of the 
surgical site. 
At 12 weeks, there were no exceptionally obvious differences among different 
materials, all the material groups showed similar patterns of bone remodeling and 
material resorption. The amount of new bone and residual materials were all similar; 
except that the SG2 and BG groups seemed to have a thicker cortical bone than the 
SG 1 and the empty control. 
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The remodeling of the bone was obvious at this time for the material groups, SG 1 (Fig 
24), SG2 (Fig 25) and BG (Fig 26), and the cortical parts of the defects and the 
marrow parts of the defects showed different patterns of remodeling. In the cortical 
part, the thick cortical bone started to form; some of the concentric Haversian canal 
systems could be easily identified. Some samples of SG2 (Fig 25) and BG (Fig26) 
groups showed the continuous cortical bone on the periosteal surface and the thickness 
of the cortical bone was over 0.5mm. 
1mm 
Fig 24 The histology of the SG 1 group at 12 weeks. The range of the 
particles was reduced to less than 3 mm wide. The materials were all 
surrounded by a thin layer of calcified bone. Between the particles, the 
fibrous tissue (asterisk) or the adipose tissue (triangle) filled most of the 
marrow spaces. Some remodeled new bone started to form thick cortical bone 
at the top of the picture (arrow). 
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In the marrow part of the defects, the resorption of the bone was prominent, but the 
reapposition of the new bone was not. The marrow part contained fibrous tissues , 
adipose tissues, residual materials and some thin woven bones. Most of the thin 
woven bones were associated with the residual materials and encapsulated the residual 
particles. Other than the residual materials and associated bones, the fibrous tissue and 
adipose tissue occupied the majority of the marrow spaces. 
Fig 25 The histology of the SG2 group at 12 weeks. The amount of residual 
materials was greatly reduced, but the material particles were still enclosed by 
thin calcified bone. The thick cortical bone started to organize at the top of 
the picture (arrows). 
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The resorption of the materials was clearly identified at 12 weeks for all three material 
groups; the amount of residual materials was greatly reduced, and the residual 
materials did not occupy the whole defect area. Instead, the materials were clustered 
in the center of the defect and did not exceed 3mm in diameter. Not only were the 
ranges of the materials reduced, but the inter-particulate spaces also increased. 
Fig 26 The histology of the BG group at 12 weeks. A thick cortical bone was 
formed on the surface of the wound (arrows). Most of the trabecular bone in 
the marrow space was resorbed, except some thin calcified bone surrounding 
the graft particles. Fibrous tissue (asterisk) and adipose tissue (triangle) 
occupied the marrow space after bone remodeling. 
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The multinucleated giant cells played an important role in the resorption of the 
materials. Sometimes multinucleated giant cells were found contacting the surface of 
the material particles directly (Fig27). The giant cells invaded the particles and created 
resorption lacunae inside both of the particles, SG (Fig 28) and BG (Fig 28 29). 
Shortly after the resorption of the materials, the lacunae were occupied by 
osteoprogenitor cells and the bone formation was found inside the particles . It 
indicated that the resorption of the materials was mediated by the foreign body reaction 
at this time period. 
50µm 
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Fig 27 Resorption of the SG particle (from the SG 1 group) at 12 weeks. The 
resorption of the material ( asterisk) was mediated by the multinucleated giant 
cell ( arrow heads) , which showed up at the middle of the picture. The graft 
particle was surrounded by a very thin layer of calcified bone (arrows), and 
most of the marrow space was adipose tissue. 
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The material particles almost never contacted any tissue other than the calcified bone. 
Even during the resorption of the materials, the lacunae of resorption were found 
inside the particles of SG (Fig 28) and BG (Fig 29) but the lacunae were all lined by 
calcified bone. The newly exposed material surface still had a high affinity to the bone 
and the bone forming cells. All these evidences supported the surface activity of the 
glass-based materials and the surface activity of the glass particles could last for a very 
long period of time. 
Fig 28 Resorption of the SG particles (from the SG2 group) at 12 weeks. 
Resorption of the material was clearly shown by the lacunae (asterisks) inside 
the particle Three of these four lacunae were lined by new calcified bone 
(arrows). It showed the rapid remodeling of the bone marrow spaces and the 
high affinity of the materials to the bone. 
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Fig 29 Resorption of the BG (from the BG group) at 12 weeks. The center 
of the particle ( asterisk) was replaced by new calcified bone (arrows). 
The empty controls at 12 weeks still showed variable results as they did at 3 and 6 
weeks. Some samples showed thin (<0.5 mm) and incomplete cortical (Fig 30) bone 
and some other samples showed thin and continuous cortical bone. However, the 
marrow part of the empty control all showed the same result; every empty sample 
contained only adipose tissue and some blood cells; no fibrous tissue or trabecular 
bone could be found. 
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Fig 30 The histology of the empty control at 12 weeks. A thin cortical bone 
(arrows) was formed but did not connect with the adjacent bone at the right 
side. The majority of the marrow space was occupied by the adipose tissue. 
At 24 weeks, the bone remodeled to a normal bone pattern: abundant bone marrow 
space, thick cortical bone, and the reorganized Haversian canal system. Most of the 
graft materials were absorbed. The long axis of the Haversian canal was parallel to the 
surface of the bone. The bone tissue regeneration was completed under the 
microscope and there was no difference among the material groups. 
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Figure 31 The histology of SG 1 group at 24 weeks. Thick continuous cortical 
bone has been formed and showed at the top of the picture (arrows). Inside the 
marrow space, some trabecular bone ( arrow heads) randomly spread and did 
not have a particular pattern or a favorable orientation. 
The thick cortical bone was prominent at this time in all the groups including the 
empty control group (Figs 31 to 34). The thickness of the cortical was over 0.5mm 
and the cortical bone pas connected with the adjacent intact bone without any 
interruption. The bone formed a lamellar structure and the Haversian canal systems 
could be identified easily. In some specimens, the newly formed cortical bone was less 
dense than the adjacent intact cortex and showed porosities of blood vessels and 
marrow spaces (Fig 33 and 34). Under the higher magnification, the reversal line or 
the cement line of new bone formation could be found right on the margin of the defect 
by the different staining and the orientation of the fibers. The reversal line was stained 
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darker than the adjacent bone and the fibers of the reversal line were vertically 
crossing the long axis of the cortical bone. 
Figure 32 The histology of SG2 group at 24 weeks. Thick continuous 
cortical bone was formed at the top of the picture (arrows). Inside the 
marrow space, some residual materials ( arrow heads) still remained and were 
surrounded by thin calcified bone. 
The marrow parts had a variety of findings. In the material groups some bony 
trabeculae were found. These trabeculae could randomly spread across the defect or 
only locate at the center of the defect , and there was no specific pattern for any 
material group. In most cases these trabecular bones were associated with the residual 
materials , but not all the materials were related to the trabecular bone. However, the 
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empty control showed a consistent finding without any exception; the marrow space 
only contained adipose tissue with some occasional erythrocytes. 
Figure 33 The histology of BG group at 24 weeks. Thick cortical bone was 
formed at the top of the picture (arrows). Some residual materials (arrow 
heads) and some trabecular bones were noted in the marrow area. Some of 
the residual materials were embedded in the trabecular bone at the center of 
the picture and some were surrounded by very thin calcified tissues at the left 
side of the picture . 
Occasionally , some residual materials were found in the marrow space. The sizes of 
the particle were smaller than the particles at 12 weeks, but the surfaces of the particles 
were still covered by calcified bone as the previous time interval. Because the particle 
sizes were smaller and the particles were susceptible to acid attack during the de-
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calcification of the sample , it was difficult to identify the residual materials. For the 
residual materials identified , they were either encapsulated inside the trabecular bones 
or surrounded by thin calcified bones , and both SG and BG particles showed similar 
reaction at the end of 24 weeks. 
Most samples of the empty control showed satisfied healing at 24 weeks. Complete 
healing of the wound and the thick cortical bone was found in four of the seven 
samples. The cortical bones formed in the empty control were similar to the cortical in 
the material groups , in terms of structure, density and thickness. 
Figure 34 The histology of the empty control at 24 week. Thick cortical 
bone (arrows) was formed and the marrow space was occupied by adipose 
tissue and some blood cells. 
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b. Categorical data 
The ranked categorical data were used to interpret the stage or the amount of bone 
formation and the residual materials. The category was based on the microscopic 
evaluation of the investigator without the aid of other tool. The types of bone and the 
absorption rates of the materials were classified and statistically analyzed accordingly. 
The types of bone under microscope were classified from type I to type VII according 
to the classification described in the methods and materials. The classification 
included the cortical bone and the marrow part of the defect area. Generally, the lower 
the number was, the higher quality and the higher amount of the bone would be. The 
results of all groups were shown in Table 7. 
According to the distribution of the bone type, the bone healed to form the cortical 
bone in every group at the end of the experiment. When the statistical comparisons 
were made only between different materials in the same healing time period, no 
significant differences were found in every time period, from 3 to 24 weeks (x 2, 
a>0.05). When the comparison included the empty controls , the significant 
differences were noted at 3 and 6 weeks; the empty controls showed significant less 
bone formation than the material groups at 3 and 6 weeks (SG 1 =SG2=BG>empty, x2, 
a<0.05). After 12 weeks, no difference could be found among the material groups and 
the empty control (x2, a>0.05). At the end of 24 weeks, all groups showed the 
formation of cortical bone ( type I, II and III) 
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Bonetype I II III IV V VI VII 
SG 1 (3 weeks) 4 
SG2 (3 weeks) 1 3 
BG (3weeks) 5 
Empty (3 weeks) 2 4 
SG 1 (6 weeks) 3 4 
SG2 (6 weeks) 6 1 
BG (6 weeks) 2 4 
Empty (6 weeks) 6 
SGl (12weeks) 1 2 1 1 
SG2 (12 weeks) 1 2 2 1 1 
BG (12 weeks) 2 2 1 1 
Empty (12 weeks) 1 1 3 
SGl (24weeks) 1 2 1 
SG2 (24 weeks) 1 3 2 
BG (24 weeks) 2 2 2 
Empty (24 weeks) 1 2 
Table 7 The distribution of the bone type. Inside the cells were the numbers of the slides 
observed in that category. The bone gradually healed toward thick cortical bone from 3 
to 24 weeks in every group. No difference was found among different materials. The 
empty control had unfavorable bone type (type VII) than the material groups at 3 and 6 
weeks. 
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The amount of residual materials were recorded from grade I to grade IV in Table 8, 
according to the classification described in the methods and materials. Generally 
speaking, the more the number was, the less the residual materials were found. 
Residual material I II III IV 
SG 1 (3 weeks) 4 
SG2 (3 weeks) 4 
BG (3weeks) 5 
Empty (3 weeks) 6 
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SGl (6weeks) 7 
SG2 (6 weeks) 2 4 
BG (6weeks) 4 2 
Empty (6 weeks) 6 
SGl (12weeks) 1 3 1 
SG2 (12 weeks) 4 3 
BG (12weeks) 4 2 
Empty (12 weeks) 7 
SGl (24weeks) 1 3 
SG2 (24 weeks) 2 5 
BG (24 weeks) 5 1 
Empty (24 weeks) 6 
Table 8 Categorical results of the residual materials. The shaded area indicated 
significant difference (x2, a<0.05); the SG 1 group had less residual materials at 6 weeks. 
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Statistically, we tested the difference of the material groups, SG 1, SG2, and BG at six 
week, and the material resorption rates were significantly different among different 
materials. (x 2, a<0.05) At the twelve and twenty-four weeks, material BG showed a 
lower, but not statistically significant, rate of absorption. 
In conclusion of the categorical data, group SG 1 had a highest absorption rate of the 
graft materials among the materials but only showed significance at 6 weeks. The 
material groups showed similar amount of bone formation, and they all showed higher 
amount of bone formation than the empty control. 
c. Quantified data 
The histology was further digitalized and quantified in the computer; the residual 
materials, the new bone formation arid the sizes of the defects were selected by the 
selection tool in the program "NIH Image", and the areas were calculated in pixels. 
The ratios of the residual materials to the defect areas and the new bone to the defect 
areas were measured to present the amount of bone formation and the residual 
materials, and these two ratios were statistically analyzed. 
The amount of bone formation was represented by the ratio of the new bone to the 
defect area. In general, the material groups showed similar amount of bone formation 
at 3 and 6 weeks, but at 12 and 24 weeks, the BG group seemed to retain a higher 
amount of bone in the defect. In the SG 1 and SG2 groups, the amount of bone was 
mildly reduced from 6 to 24 weeks, but in the BG group, the amount of new bone 
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slightly increased during the same time period (Fig 35 and Table 9). 
Fraction of Bone 
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Figure 35 The amount of bone formation in the defect area (n=5). The SG 1 
group showed remodeling of new bone after the sixth week, and the BG group 
kept higher amount of bone at every time interval. 
* and ** indicating ANOVA p<0.05 and p<0.01. The Tukey test showed: 
BG>empty at 3 weeks , SG 1 =SG2=BG>empty at 6 weeks , BG>empty at 12 
weeks and BG>empty at 24 weeks. 
Bone SGl SG2 BG Empty ANOVA p-value 
3weeks 0.266(0.063) 0.291(0.054) 0.307(0.079) 0.144(0.109) 0.035 
6weeks 0.375(0.087) 0.387(0.080) 0.317(0.096) 0.145(0.126) 0.001 
12 weeks 0.296(0.057) 0.326(0.100) 0.447(0.121) 0.195(0.074) 0.006 
24weeks 0.259(0.021) 0.352(0.129) 0.414(0.100) 0.224(0.083) 0.031 
Table 9 Average ratios of bone to the defects , standard deviations in parentheses (n=5). 
Significant differences were found in the paired comparisons, and displayed in Fig 35. 
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In every time interval , the amounts of bone formation all showed significant 
differences among the experimental groups and the empty control. In the paired 
comparisons , the bone formation of group BG was significantly different from the 
empty control in every time interval (Tukey, p=0.039 , 0.040, 0.003, and 0.039 in 3, 6, 
12, and 24 weeks) , but no difference was found between BG and SG 1 or BG and SG2 
(Tukey, p>0.1 ). Groups SG 1 and SG2 showed more bone generation than the empty 
control only in 6 weeks (Tukey, p<0.005). The BG groups kept higher amounts of 
bone through out the experimental time period , in contrary, the SG 1 and SG2 groups 
showed slight resorption of the bone from 6 to 24 weeks in the long-term follow-up. 
The residual materials were represented by the fraction of the materials in the defect 
areas . The results were illustrated in Table 10 and Fig 36. The amount of residual 
material showed no significant difference among different materials at 3, 12 and 24 
weeks , but at 6 weeks , the materials , SG 1, had a higher absorption rate than the BG 
(Tukey, p=0.006). All the groups showed that the materials were absorbable . When 
the amount of residual materials at 3 weeks was used as the baseline to represent the 
amount of materials at the time of implantation, 95% of SG 1 and 86% of BG were 
absorbed at 24 weeks . 
The Quantified data showed the SG 1 had a highest resorption rate among the groups, 
and the amount of bone formation was not different among the material groups, even 
though the BG groups showed highest amount of bone at 3, 12 and 24 weeks. 
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Material SGl SG2 BG Empty 
3weeks 0.526(0.063) 0.465(0.120) 0.438(0.050) 0 
, 6weeks 0.231 (0.070) * 0.299(0.035) 0.341 (0.033) * 0 
12 weeks 0.086(0.042) 0.121 (0.057) 0.108(0.046) 0 
24weeks 0.027(0.014) 0.023(0.015) 0.062(0.050) 0 
Table 10 Average ratios of the residual materials to the defects , standard deviations in 
parentheses (n=5). The paired comparisons between different materials showed 
significant difference at six weeks marked* (Tukey, p<0.01). 
Fraction of materials 
0.5 
0.4 1----------------------- 1 IBSGl 
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3weeks 6weeks** 12weeks 24weeks 
Figure 36 Fraction of the residual materials in the defects (n=5). The SG 1 group had a 
more abrupt reduction of the materials from the third week to the sixth week than the 
SG2 and BG group did. **indicated significant difference , ANOVA p<0.01 and the 
paired comparison showed SG 1 <BG. 
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In summary of the histology findings , the categorical data and the quantified data 
showed consistent results. The amount of bone formation was not significantly 
different among the different materials and the SG 1 had a significantly higher 
absorption rate at 6 weeks. However, there was one conflict between these two data; at 
12 and 24 weeks, the BG group showed more amount of bone than the empty control 
in the quantified data, versus no difference was found between the BG group and the 
empty control in the categorical data. 
IV. Non-decalcified samples 
The non-decalcified samples were obtained from the fractured bone pieces of the 
mechanical strength test. In the mechanical strength test, only the cortical parts of the 
new bone were included and all the specimens were ground to similar thickness to 
eliminated the soft tissue as much as possible , so there was no need to measure the 
amount of bone formation. In the non-decalcified samples, the residual materials and 
the locations of the fracture line were focused on. 
The non-decalcified samples were stained colorfully. The materials were green, red or 
light brown under microscope, and sometimes the materials showed bubbles inside 
them. The cortical bone was stained red or green, depending on the thickness ; the thin 
cortical bone showed green or jade color and the thick bone was dyed red. The new 
bone or woven bone had a darker stain than the cortical bone, and it was deep red or 
1 purple. The granulation tissues and the collagen fibers were dark purple to black; this 
dark color covered other parts of the morphology and enormously interfered with the 
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reading of other substances. The osteoblasts and osteocytes were identified in the 
light purple color. 
In the three-week groups , the lesions were full of granulation tissues and collagen 
fibers. Most of the samples could not sustain the rigorous grinding process and were 
lost before the stain. Sometimes the samples could go through the process but the dark 
stain of the collagen fibers completely hindered the reading. 
In the six-week groups , the collagen fibers in the defect areas were arrayed in 
concentric circles around the defects; those were distinctly different from the fibers in 
intact bone , which were parallel to the long axis of bone . Another feature of these 
concentric collagen fibers was the dark purple stain caused by the abundant amount of 
collagen in the woven bone , and it interfered with the reading of other structures , 
including the residual materials. Some particles of the material dropped out during 
grinding and left empty space in the slides. It indicated that the materials were not 
bound soundly with the tissues at this stage. 
The microscopic findings of non-decalcified specimens at 12 weeks were similar to the 
findings at 6 weeks , but almost all the collagen fibers were calcified , and the 
absorption of materials was revealed by the increased inter-particulate spaces (SG 1, 
SG2, BG and the empty control were shown in Figs 37 to 40 respectively) . Some large 
blood vessels were located in the defects and were stained dark purple , due to the 
collagen fibers surrounding these arterioles . Occasionally the center of the defect was 
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not calcified and the collagen bundles were washed away during the processing. That 
led to the empty semicircular space and some dark stain around the semicircle (Fig 39). 
The collagen fibers of the newly generated bone were circular arrayed around the 
center of the wound. The residual materials, the blood vessels and the concentric 
collagen fibers were the three characteristics of the new bone at this stage. 
1mm 
Fig 37 A non-decalcified sample of group SG I at 12 weeks. The collagen 
fibers circularly surrounded the margin of the wound area (white arrow heads) 
and clearly showed the wound area. A small part of adjacent intact bone was 
included in the tested area. 
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1mm 
Fig 38 A non-decalcified sample of group SG2 at 12 weeks. The collagen 
fibers circularly surrounded the margin of the wound area (arrows) and clearly 
showed the wound area. The fracture line passed through the center of the 
defect, without including any part of adjacent intact bone. 
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Figure 39 A non-decalcified sample in the BG group at 12 weeks. The 
materials were stained brown, the collagen fibers showed purple and the 
granulation tissues were black. The center of the defect had not healed yet 
and was washed away during the processing. The newly generated bone 
could be recognized by the concentric collagen fibers (arrows), and the 
fracture was within the center. 
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1mm 
Fig 40 A non-decalcified sample of the empty control group at 12 weeks. The 
collagen fibers circularly surrounded the margin of the wound area and clearly 
showed the wound margin (arrows). The fracture line did not pass through the 
center of the defect, but it did not include adjacent intact bone either. 
At 24 weeks , the wound healing was almost complete (Figs 41 to 44 showed samples 
of SG 1, SG2 BG, and the empty control). Almost all the collagen fibers were calcified 
into bone, the orientation of these fibers were parallel to the long axis of the bone and 
the collagen fibers of the adjacent intact bone , and the calcified tissues were 
homogenously distributed through the wound area including the centers of the defects. 
However, the surgical area still can be recognized either by the circularly arrayed 
collagen fibers at the junction between the newly generated and originally intact bone 
or by the high vascularity inside the wound. 
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The material particles still persisted at 24 weeks. The stains of the residual materials 
had a variety of different colors. The color could be brown, green or black with green 
halo. Sometimes the stains of the material were similar to the stain of blood vessels, 
but the shapes and sizes of the former were easy to differentiate from the latter. The 
distributions of the residual materials in the non-decalcified samples were not 
consistent with those in the decalcified samples; the particles were randomly located in 
the non-decalcified samples, but they were clustered at the center of the defects in the 
calcified samples. The non-decalcified samples showed the residual materials could 
last for a very long time in vivo. 
1mm 
Fig 41 A non-decalcified sample of group SG 1 at 24 weeks. Some residual 
materials were identified and stained brown or green. The collagen fibers 
circularly surrounded the margin of the wound area (arrows) and clearly 
showed the wound area. The fracture line did not pass through the center of 
the defect, and in fact, it included a small part of adjacent intact bone. 
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Fig 42 A non-decalcified sample of group SG2 at 24 weeks. Some residual 
materials were identified and stained brown or green (triangles). The surgical 
defect area was identified by the high vascularity (arrows). 
1mm 
Fig 43 A non-decalcified sample of group BG at 24 weeks. The circular 
collagen fibers around the margin of the wound area clearly showed the 
surgical area (arrows). The fracture line was within the center of the defect. 
1mm 
Fig 44 A non-decalcified sample of the empty control group at 24 weeks. The 
concentric collagen fibers surrounded the margin of the wound area and clearly 
showed the surgical area (arrows). The wound was completely healed even at 
the center of the defect. The fracture line did not pass through the center of the 
defect, and it included a small part of adjacent intact bone. 
Because the residual materials were only identifiable in 12 and 24 weeks , the data of 
these two time periods were collected and statistically compared. The residual 
materials observed in the non-decalcified samples were categorized and quantified 
with the same methods used in the decalcified H&E stain. The results were showed in 
the following tables. 
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Without the interference of the collagen fibers , the residual materials were easily 
identified in 12 and 24 weeks and the data were collected. The residual materials 
observed in the non-decalcified samples were categorized (Table 11) and quantified 
(Table 12) with the same methods used in the decalcified H&E stain. 
Residual materials I II III IV 
A (12 weeks) 4 2 
B (12weeks) 1 4 2 
C (12 weeks) 1 -5 
D (12 weeks) 7 
A (24weeks) 2 4 
B (24weeks) 1 5 
C (24weeks) 1 7 
D (24weeks) 7 
Table 11 Categorical results of the non-decalcified samples. No significance was noted 
among -any groups. 
SGl SG2 BG Empty 
12 weeks 0.070(0.04 7) 0.065(0.035) 0.046(0.029) -
24 weeks 0.020(0.013) 0.024(0.015) 0.014(0.016) -
Table 12 Quantified data of the non-decalcified samples. No difference was found 
among the material groups. 
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The resorption of the materials in the tables of categorical and quantified results 
showed no statistical difference among different materials. Even the residual materials 
showed obvious resorption from 12 to 24 weeks; however, it was not significantly 
different among materials. 
The fracture lines of the mechanical strength test all passed through the regenerated 
new bone. However, sometimes the lines did not across the center of the defects and 
part of the intact surrounding bone joined in the strength test. In some other 
specimens, the intact surrounding bone was not ·sufficiently removed and was kept at 
the centers of the specimens and was included in the strength tests The influence of 
this surrounding bone was almost impossible to eliminate from the strength test, 
because the new bone and the adjacent bone blended together and it was very difficult 
to differentiate these two kinds of bone under gross examination. Fortunately, the 
surrounding bone only comprised a minor part of the fracture line, and the influence 
was not prominently showed in the result of the bone ·strength. 
The Villanueva bone stain showed the residual materials could last for 24 weeks in the 
tibia of the rabbits. In the same time, the fracture point was further proved to be 
located inside the defect. However, the Villanueva stain is not perfectly ideal for the 
healing bone or woven bone, because the dark-stained collagen bundles ruined the 
reading of the other structures. 
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V. The diffused elements from materials 
This part of result was based on the EDS analysis on the material particles . The 
elements in the materials and the diffused elements of the materials were focused and 
analyzed. 
a. Chemical composition of the tested materials 
The major elements of the materials were presented in the following table (Table 13). 
The EDS analysis was performed after the particles were ground and compressed into 
discs. The SG 1 contained more silicon and less sodium than the BG did. 
% 0 Na Si p Ca Cl 
SGl 56.48 5.66 22.38 1.59 13.24 0.25 
SG2 54.18 12.26 17.99 1.76 13.75 0.13 
BG 51.93 14.00 17.80 1.89 14.34 0.03 
Table 13 The weight percentage of each element in the tested materials . The main 
difference between SG 1 and BG is the increase of the Si content and the reduction of the 
Na amount in SG 1. All of the values of SG2 fall between the values of SG 1 and BG. 
Because the SG contained no sodium, and the sodium presented in SG 1 and SG2 both 
came from the glassy Bioglass particles , we could figure out the SG concentration in 
the tested materials by interpolating the sodium content. The SGl had 60% SG, and 
the SG2 had 12.5% SG. 
When the white particles from the glassy particles in the SG 1 and SG2 (Page 58) were 
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separated from the provided materials, there were only two types of materials, SG and 
BG in the three groups of the tested materials; the SG 1 and SG2 were the mixtures of 
SG and BG in different ratios. In this following comparison, only the changes of SG 
and BG were compared and displayed. 
The following table showed the composition of the SG and BG particles. In this table 
(Table 14), the materials were obtain from the provided package and were coated by 
gold and analyzed under the EDS without the grinding, compressing or embedding of 
the particles. 
W% 0 Na Si p Cl Ca 
SG 60.38 0.4 21.61 0.10 0.44 16.16 
BG 52.95 13.80 17.07 1.74 0.06 14.35 
Table 14 The chemical composition of the SG and BG presented in weight percentage. 
The particles were tested without embedding, grounding or polishing. The "plain" in the 
following comparisons was referred to the data in this table. 
b. Change of the material compositions 
Because there were actually only two different types of particles, SG and BG, in the 
three material groups therefore, only two groups, SG and BG were presented in this 
paragraph. 
The EDS analysis of the materials performed at the centers of the particles, for the 
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results at the center were more consistent than results on the margin of the particles. 
On the margin the EDS was interfered by the soft tissue or the embedding materials; 
some of the element analyses on the margin of the particles showed abnormal higher 
amount of carbon and oxygen. 
For a given time period, ten particles were randomly chosen in each group, (n=lO). 
There were only a few materials found in the 24-week group, and the size of the 
particle was diminished. To minimize the effect of the particles size, only particles 
larger than 150 microns in diameter were included in the test. Eight particles in the 
BG group (n=7) and 9 particles in the SG (n=9) were large enough to be analyzed at 24 
weeks. Because of the small sample size in these groups at 24 weeks, it is better to 
keep in mind that the result at this time period might not be representative. 
There were six major elements observed under the EDS analysis, and they were 
sodium, silicon, phosphorous, calcium, carbon and oxygen. The sodium, silicon, 
phosphorous, and calcium were the active elements in the bioactive glass and their data 
were described and discussed in the following tables and graphs. The sources and 
activities of carbon and oxygen were not specific, and they could come from, the 
embedding resins, the tissues or the impurities of the materials. Some other elements 
like chloride were minute and the change of it was negligible. So sodium, silicon, 
calcium and phosphorous were displayed and discussed. 
Sodium was one of the major elements in the BG, but it was the least element in the 
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SG (as previously shown in Table 14). The sodium was an assistant tool to distinguish 
the SG particles from the BG particles in the SG added Group at 3 weeks , besides the 
morphology of the particles. 
Na% Plain Embedded 3-week 6-week 12-week 24-week 
Sol-Gel 0.374 0.093 0.194 0.247 0.840 0.484 (0.170) (0.019) (0.058) (0.075) (1.292) (0.063) 
Bioglass 13.061 6.328 4.438 0.155 0.671 0.284 (0.347) (0.938) (3.016) (0.046) (1.622) (0.071) 
Table 15 The sodium concentration in the materials at different time intervals (n=lO). 
The plain condition was described in Table 14. The reduction of the sodium in the BG 
particles was obvious at the first six weeks. 
The embedded particles were polished after embedding , and the sodium was washed 
away by the polishing lubricant. It showed that sodium was the most active 
component of Bioglass , and it was the first element to leach out of the Bioglass 
surfaces. It was also vulnerable to liquid. The sodium continuously leached out of the 
particles in vivo , until 6 weeks then the sodium content was not different from the 
sodium in the SG particles , as the results showed in Table 15 and Fig 45. 
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Figure 45 Sodium ion in the Bio glass (n= 10). The sodium concentration reduced with 
the implantation time and was almost undetectable at 6 weeks. 
It is important to emphasize that the elements were tested at the center part of the 
particle , and the sodium still could diffuse out of the solid Bioglass particles in vivo. 
For ion diffusion , it is not necessary to have the porosity before the surgical 
implantation. 
Silicon ions showed the opposite results to the change of sodium. In the Bioglass 
group, the silicon content slightly reduced after implantation and the variation was 
high, and in the SG group, the silicon continuously diffused out of the particles till 12 
weeks (Table 16 and Fig 46). The silicon concentration in the sol-gel glass dropped 
close to zero at 12 weeks , but the silicon content in Bioglass did not show impressive 
change from plain to 24 weeks (ANOVA, p=0.067). 
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Si% Plain Embedded 3-week 6-week 12-week 24-week 
Sol-Gel 19.759 29.920 20.504 10.136 0.484 0.133 (2.407) (4.075) (3.172) (5.493) (0.559) (0.195) 
Bioglass 16.157 25.534 19.759 23.825 18.523 18.816 (0.804) (1.881) (8.792) (6.073) (11.173) (5.760) 
Table 16 The silicon content in the materials at different time periods (n=l 0). The 
silicon of SG was almost undetectable at 24 weeks, but the BG did not show significant 
change in the silicon concentration. 
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Figure 46 Silicon ions in the particles (n=l 0). The Bioglass had a constant silicon 
concentration , while the sol-gel kept losing the silicon ions. 
Calcium in both particles changed dramatically; the calcium concentration first 
plunged then soared (Table 17 and Fig 4 7). The calcium in Bio glass dropped from the 
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pre-implantation status to the third and the sixth weeks; both calcium concentrations at 
3 and 6 weeks were significantly lower than the embedded BG particles (Tukey, 
p<0.001). Then calcium levels returned back to the concentration of the plain particles 
at 24 weeks. The sol-gel lost significant calcium in three weeks (Tukey, p=0.-016), and 
gained significantly more calcium at 24 weeks (Tukey, p<0.001) when the plain 
particles were compared with. 
Ca% Plain Embedded 3-week 6-week 12-week 24-week 
Sol-Gel 14.771 12.-690 9.372 10.135 19.221 23.484 (3.013) (2.455) (3.110) (3.534) (4.865) (5.243) 
Bioglass 13.580 11.913 6.452 3.151 9.128 11.788 (0.29.8) {2.331) (2.465) (1.565) (5.370) (3.049) 
Table 17 The calcium concentration in the materials (n=IO). Both materials showed 
similar pattern-the reduction of calcium at first, then the increase of calcium in the long 
run. 
When the SG and BG were compared at the same time interval, the SG had a 
significantly higher calcium concentration since the third week in vivo (t-test, 
p=0.002) and maintained the higher concentration until the 24th week (t-test, p<0.-001). 
The particles appeared as the reservoirs for the calcium ions. At the time of new bone 
regeneration, the calcium diffused out to support the apatite crystal deposition, and at 
the stage of bone remodeling, the calcium accumulated inside the particles. The highly 
porous sol-gel provided better storage of the ions because the result showed that the 
sol-gel had a more dramatic change than the Bioglass did at the end of the 
experimental time. 
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Figure 47 Calcium ion in the glasses (n=l0). Both materials showed similar trend; the 
calcium content decreased in the early stages then increased after 12 weeks. The sol-gel 
had an abrupt curve and the calcium concentration was even higher than the calcium 
content before implantation. 
Phosphorous (Table 18 and Fig 48) in the Bioglass changed in a similar pattern as the 
calcium in the Bioglass did, but the curve of phosphorous was flatter. It decreased first 
then increased. The reduction of phosphorous at 3 weeks was not prominent , but the 
increase of phosphorous at 24 weeks was significant (Tukey, p<0.001) , when 
compared with the embedded particles. 
The phosphorous in sol-gel just kept rising to a significantly higher level than the 
original phosphorous (ANOVA , p<0.001). It was higher than the phosphorous in 
Bioglass at all time periods (t-test, p<0.05). 
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P% Plain Embedded 3-week 6-week 12-week 24-week 
Sol-Gel 0.908 3.102 4.045 5.223 7.586 9.902 (0.544) (0.579) (0.844) (1.649) (3.761) (1.389) 
Bioglass 1.677 2.577 1.473 1.851 4.276 5.654 (0.150) (0.976) (0.755) (0.842) (2.560) (1.444) 
Table 18 The phosphorous concentrations in the materials at different time interval 
(n=l0). Phosphorous of both materials increased at the end of the study. 
PO/o 
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Figure 48 Phosphorous ion in the glasses (n=l0). The phosphorous concentration in the 
residual particles generally increased. The sol-gel had significantly more phosphorous at 
every time interval in vivo than the Bioglass did (t-test, p<0.05). 
Both materials showed the permeability in vivo , but the sol-gel glass had a higher 
magnitude than the BG glass. The calcium and phosphorous in the sol-gels reached 
apparently higher concentrations at the end of the study. The most apparent difference 
was the total diffusion of the silicon ions in the sol-gel versus the mild reduction of the 
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silicon ions in the Bioglass particles. 
VI. Ion concentrations in the surrounding tissue 
This part of result illustrated the influence of the diffused elements from the materials 
on the surrounding tissue. The surrounding non-calcified tissues were focused and 
analyzed under the EDS machine, and the amounts of elements were collected and 
compared. 
The ions of interest in this part were silicon, sulfur, calcium, and phosphorous. The 
elements showed in the EDS also included carbon and oxygen, and in the EDS 
analysis actually over 90% of the composition were carbon and oxygen. However the 
carbon and oxygen were not specific in the embedded samples and were excluded in 
the results. 
The tests were performed at nine locations inside and outside the defects. The margins 
of the defects were marked and the tests were started at 2 mm to the proximal margin 
out of the defect, 1 mm to the proximal margin out of the defect, on the proximal 
margin and 1 mm to the proximal margin in the defect (P2, P 1, PM and PC 1 in the 
following tables and graphs). The same points of distances were tested at the distal 
side (DCl, DM, Dl and D2). Last, the central point of the defect was tested (C). 
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Figure 49 The tested locations. A total of nine locations were analyzed, starting from the 
left to the right, P2: out of the defect, 2 mm to the proximal margin, P 1 : 1 mm to the 
proximal margin, PM: the proximal margin, PC 1: in the defect area, 1 mm to the margin, 
and C: at the center, DCl: 1 mm to the distal margin inside the defect, DM: the distal 
margin, D1: the distal site 1mm away from the distal margin, and the D2: the distal site 
2mm away from the distal margin. 
For the samples of the twenty-four week groups, the margins were not identifiable, but 
some particles of the materials were found, so the soft tissues around the particles were 
tested at twenty-four weeks. However, no specific finding was noted at this location at 
this time interval. 
Only the data of the three and six week groups were detailed in the following tables 
and figures because many significant results were found in these two time periods. 
The results of the twelve and twenty week groups were briefly addressed for their far 
less significant outcomes. 
a. Silicon 
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Generally speaking, the silicon level in the surrounding tissues was found higher in 
SG 1 and SG2 groups than in the empty controls. The BG groups had a mildly 
increased silicon concentration but the increase was not so significant as the increase 
of silicon in SG 1 group. 
% P2 Pl PM PCI C DCI DM DI D2 
SGI 0.239 0.264 0.280 0.384 0.388 0.397 0.263 0.197 0.250 (0.071) (0.100) (0.062) (0.120) (0.097) (0.083) (0.023) (0.058) (0.072) 
SG2 0.127 0.151 0.249 0.293 0.283 0.269 0.258 0.145 0.141 (0.056) (0.075) (0.077) (0.076) (0.075) (0.080) (0.065) (0.032) (0.052) 
BG 0.144 0.135 0.278 0.216 0.251 0.257 0.243 0.169 0.183 (0.051) (0.058) (0.082) (0.051) (0.083) (0.082) (0.069) (0.066) (0.039) 
Empty 0.128 0.102 0.148 0.135 0.137 0.137 0.156 0.123 0.143 (0.033) (0.030) (0.073) (0.068) (0.063) (0.063) (0.065) (0.030) (0.059) 
p-value 0.000* 0.000* 0.009* 0.001 * 0.000* 0.000* 0.014* 0.013* 0.000* 
Table 19 Silicon concentrations at the third week (n=5). The columns from P2 to D2 
represented the locations from the proximal end to the distal end as described in Fig 49. 
* The asterisk indicated significant difference among the groups in the region; paired 
comparisons were shown in Fig 50. 
At three weeks, the diffused silicon ion was significantly higher in the SG 1 group. The 
SG 1 released high amount of silicon and subsequently increased the silicon levels 
inside and outside the defects. The silicon levels were higher inside the defects than 
outside the defects. Groups BG and SG2 also showed high silicon ions diffused into 
the surrounding tissues, but silicon detected in them was less than that in group SG 1, 
and at most of the locations group SG 1 showed the highest level among the groups. 
The results of silicon concentrations were showed in Table 19 and Fig 50. 
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Figure 50 The silicon concentrations in and around the defects at the third week (n=5). 
From the left to the right represented the locations from proximal end to the distal end. 
The SG 1 group had highest silicon levels at all points selected. 
* Significant difference among the groups. The paired com pan sons showed: 
SG1>SG2=BG=Empty in P2 and Pl , SGl=BG> Empty in PM, SGl>BG=Empty in PCl , 
SGl>BG>Empty in C, SG1>SG2=BG>empty in DCl , SG1=SG2=BG>empty in DM, 
SG l>Empty in Dl and SG l>SG2=BG=empty in D2. 
At six weeks , the silicon ions showed a similar trend as the silicon at three weeks ; the 
sol-gel added groups , SG 1 and SG2 had the highest silicon concentration in and 
around the defects. However , the influence of the sol-gel materials (SG 1 and SG2) 
was fading and the silicon levels outside the defect were close to the empty control. 
The results were shown in Table 20 and Fig 51. 
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Si% P2 Pl PM PCl C DCl DM D1 D2 
SGl 0.138 0.153 0.212 0.264 0.387 0.325 0.375 0.188 0.132 (0.067) (0.039) (0.064) (0.098) (0.051) (0.057) (0.115) (0.056) (0.029) 
SG2 0.156 0.210 0.253 0.365 0.283 0.293 0.235 0.223 0.146 (0.040) (0.042) (0.040) (0.081) (0.035) (0.094) (0.079) (0.043) (0.023) 
BG 0.100 0.161 0.120 0.179 0.267 0.158 0.150 0.167 0.093 (0.029) (0.064) (0.025) (0.064) (0.070) (0.039) (0.031) (0.045) (0.034) 
Empty 0.121 0.131 0.130 0.119 0.110 0.116 0.105 0.126 0.103 (0.023) (0.022) (0.038) (0.020) (0.027) (0.015) (0.035) (0.020) (0.031) 
p-value 0.074 0.114 0.000* 0.000* 0.000* 0.000* 0.000* 0.001 * 0.013* 
Table 20 The silicon concentrations at six weeks (n=4). From P2 to C2 referred to the 
positions from the proximal to the distal peripherals. 
* Significant differences among different groups. In the paired comparison , either SG 1 
or SG2 but not BG showed significantly higher concentration than the empty control. 
At twelve weeks the mean silicon concentrations of the material group were still higher 
than those of the empty control , but no statistical difference was found among the 
groups. The values at the center of the defects in the material groups were around 0.2 
to 0.3% versus 0.1 % in the empty control. The result showed the influence of the 
materials was fading and it could be explained by two previous findings. First , the 
histology findings indicated most of the material particles were absorbed at 12 weeks. 
Second, the silicon in SG 1 was totally diffused out by 12 weeks. It was not surprising 
the materials did not have significant influence in vivo after 12 weeks. 
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-Figure -51 The silicon concentration at six weeks from the proximal end to the distal end 
of the tibia head (n=4). The silicon was high in the center of the defect and gradually 
decreased toward both ends. Either group SG 1 or SG2 had the highest amount of silicon 
in the tested locations. 
* Marking the significant difference. The paired comparisons showed 
SGl=SG2>BG=Empty in PM, SG2>BG=Empty in PCl, SGl>BG=Empty in C, 
S-Gl=SG2>BG=Empty DCI, SGl>SG2=BG in DM, SG2>Empty in D1, and SG2>BG in 
D2. 
The silicon concentration at twenty- four weeks did not show any increase in any 
material group. The average silicon concentrations in the material groups were close 
to the value of the empty control, which was around 0.1 %. This result was not 
astonishing because over 90% of the materials were resorbed at twenty-four weeks. 
The silicon in the surrounding tissues was consistent with the silicon change in the 
materials; the silicon was released from the materials and subsequently increased the 
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silicon concentrations in the adjacent tissues. Both SG and BG raised the amount of 
silicon in the surrounding tissues, but only the groups containing SG (SG 1 and SG2) 
significantly increased it. 
b. Sulfur 
Sulfur in the surrounding tissues was not highly different among the material groups; 
however, some mild or marginal differences did show at 3 and 6 weeks. At the third 
week, the sulfur level of SG 1 group was generally higher than other groups (Table 21) 
and but at the sixth week, only the groups contained Bioglass (BG and SG2) showed 
the highest levels of sulfur (Table 22). 
S% P2 Pl PM PCI C DCI DM DI D2 
SGI 0 . .003 .0.016 0.058 0 . .063 0.077 0.073 0.060 0.008 0.003 (0.005) (0.017) (0.019) (0.047) (0.019) (0.010) (0.016) (0.011) (0.006) 
SG2 0.000 0.000 0.040 0.047 0.048 0.040 0.030 0.000 0.000 (0.000) (0.000) (0.012) (0.023) (0.038) (0.026) (0.010) (0.000) (0.000) 
BG 0.000 0.010 0.041 0.067 0.077 0.069 0.043 0.000 0.000 (0.000) (0.008) (0.010) (0.042) (0.006) (0.028) (0.006) (0.000) (0.000) 
Empty 0.000 0.006 0.002 0.000 0.000 0.000 0.004 0.000 0.000 (0.000) (0.013) (0.004) (0.00) (0.000) (0.000) (0.011) (0.000) (0.000) 
p-value · 0.192 0.154 0.000* 0.016* 0.000* 0.000* 0.000* 0.034 0.120 
Table 21 Sulfur concentrations at three weeks (n=3). The SG 1 group showed slightly 
higher sulfur level than the other groups did. 
* The asterisk indicated significance among the groups (material groups and control), but 
no difference was found among the material groups except in DM, SGI>SG2>Empty . 
· The profile of the sulfur concentration at six weeks (Table 22) was similar to the 
profile at three weeks; high amount of sulfur was noted inside the defects of the 
147 
S% 
material groups. The presence of sulfur inside the healing defect area was consistent 
from 3 to 6 weeks, and no sulfur was found 2 mm away from the margin (P2 and D2). 
P2 Pl PM PCl C DCI DM D1 D2 
SGl 0.000 0.071 0.043 0.050 0.073 0.0027 0.-000 0.000 0.000 (0.000) (0.013) (0.012) (0.026) (0.012) (0.006) (0.000) (0.000) (0.000) 
SG2 0.003 0.017 0.077 0.103 0.107 0.060 0.023 0.000 0.000 (0.003) (0.015) (0.015) (0.025) (0.015) (0.0226) (0.006) (0.00) (0.000) 
BG 0.000 0.067 0.030 0.050 0.130 0.067 0.033 0.020 0.000 (0.000) (0.006) (0.020) (0.010) (0.036) (0.042) (0.029) (0.017) (0.000) 
Empty 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) (0.000) 
p-value 0.454 0.13 0.000* 0.000* 0.000* 0.006* 0.005* 0.004* -
Table 22 Sulfur concentrations at six weeks (n=3). Either group SG2 or BG showed the 
highest sulfur level. 
* Significant differences among the groups. Tukey test showed SG2>SG2=BG>Empty in 
PM and in PCl , BG>SGl>Empty in C, SG2=BG>Empty in DCI, BG>SGl=Empty in 
DM, and BG>SG 1 =SG2=Empty in D 1. 
After twelve weeks, only trace amount (0.03%) of sulfur was detected at the center of 
the defects and no significant difference can be found among the groups. At the end of 
twenty-four weeks, no sulfur (0%) was detected inside the marrow. 
The sulfur concentrations were not correspondent to the concentration of silicon, even 
though both concentration curves were similar. Higher amounts of sulfur and silicon 
were found in the central part of the defect in the three- and six-week intervals, and 
their concentrations were gradually reduced from the insides of the defects toward the 
outsides of the defects, but there was not correlation between the sulfur and silicon. 
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For example , the silicon concentrations of the SG 1 group at three weeks were 
significantly higher than other groups in P2, Pl, PCl, C, DCI and D2 (Fig 50), but the 
sulfur of group SG 1 was significantly different from others only in DM (Table 21). 
Even more, the silicon diffused 2 mm away from the margin of the defect (P2 and D2), 
but the sulfur was not increased simultaneously at all. Other factors, such as the 
material surface or blood clot, was the cause of the sulfur increasing inside the wound 
area. 
C. Calcium 
Calcium in the three-week samples did not show a similar pattern of concentration 
gradient as the silicon concentration did. Instead, the calcium showed highest levels 
right on the margins and lower levels inside the defect and lowest levels outside the 
defect (Table 23 and Fig 52). The material groups had a higher calcium level than the 
empty control in every tested location . 
Ca% P2 Pl PM PCl C DCI DM DI D2 
SGI 0.126 0.166 0.386 0.238 0.228 0.242 0.510 0.184 0.164 (0.015) (0.029) (0.078) (0.064) (0.011) (0.029) (0.115) (0.015) (0.011) 
SG2 0.048 0.105 0.193 0.146 0.152 0.138 0.370 0.068 0.055 (0.010) (0.013) (0.031) (0.018) (0.011) (0.016) (0.095) (0.005) (0.021) 
BG 0.043 0.283 0.383 0.230 0.237 0.252 0.280 0.101 0.173 (0.010) (0.074) (0.091) (0.026) (0.021) (0.053) (0.057) (0.030) (0.051) 
Empty 0.050 0.030 0.063 0.103 0.127 0.103 0.042 0.047 0.059 (0.045) (0.033) (0.012) (0.066) (0.055) (0.066) (0.013) (0.066) (0.047) 
p-value 0.000* 0.000* 0.000* 0.004* 0.000* 0.000* 0.000* 0.000* 0.000* 
Table 23 Calcium concentration at three weeks (n=4). 
* Indicated significant among the groups. Paired comparisons were listed in Fig 52. 
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Figure 52 Calcium levels at three weeks (n=4). High calcium levels were noted on the 
proximal and distal margins. 
* The asterisk indicated significant. The paired comparison showed SG l>SG2=BG 
=empty in P2, BG>SGl>empty in Pl, SG1=BG>SG2=Empty in PM, SGl=BG>Empty 
in PCl, SG1>SG2 in C, SG1=BG>SG2=Empty in DCI, SGl>BG>empty in DM, and 
SG1>SG2=BG=empty in D1, and SG1=BG>SG2=Empty. 
At six weeks, the calcium contents in the material groups were significantly higher 
than the empty control, and those calcium contents were elevated even out side the 
defect where the material particles were not present. The calcium levels were highest 
inside the defects and gradually reduced toward the proximal and distal ends. In 
general, the SG 1 and SG2 group had the highest amount of calcium outside the wound 
and the BG group expressed highest level of calcium inside the wound (Table 24). 
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Ca% P2 Pl PM PCl C DCI DM D1 D2 
SGl 0.093 0.233 0.273 0.260 0.300 0.200 0.230 0.258 0.125 (0.038) (0.049) (0.096) (0.044) (0.140) (0.041) (0.084) (0.136) (0.044) 
SG2 0.290 0.363 0.455 0.455 0.360 0.270 0.213 0.170 0.140 (0.104) (0.093) (0.179) (0.451) (0.186) (0.076) (0.025) (0.030) (0.036) 
BG 0.156 0.192 0.232 0.358 0.570 0.480 0.246 0.186 0.090 (0.061) (0.078) (0.049) (0.078) (0.126) (0.214) (0.009) (0.031) (0.017) 
Empty 0.027 0.053 0.082 0.087 0.090 0.098 0.053 0.090 0.035 (0.021) (0.016) (0.022) (0.038) (0.070) (0.034) (0.031) (0.024) (0.017) 
p-value 0.002* 0.001 * 0.001 * 0.210 0.009* 0.003* 0.001 * 0.045* 0.003* 
Table 24 Calcium concentration at six weeks (n=3). 
* Significant differences across the groups. Paired comparisons showed 
SG2>SG 1 =Empty in P2, SG2>BG=Empty in Pl, SG2>Empty in PM, BG>Empty in C, 
BG>SGl=Empty in DCI, SG1=SG2=BG>Empty in DM, SGl>Empty in D1 and 
SG 1 =SG2>Empty in D2. 
d. Phosphorous and Ca/P ratio 
The results of phosphorous expressed inconsistent outcomes throughout the time 
periods. If the phosphorous was used to adjust the calcium value, the Ca/P ratio 
showed more significant results than the calcium or phosphorous alone did. Here Ca/P 
ratios were listed and discussed instead of phosphorous concentrations. 
Ca/P ratios represented the maturity of the mineralization, and the Ca/P weight ratio 
of apatite is 2.157. The calcium value represented the total amount of minerals in the 
surrounding tissues that were influenced by the amount of soft tissues and voids in the 
tissue; on the other hand, the Ca/P showed the status of the mineral crystals. When the 
value of Ca/P was higher or close to 2 .15 7, it indicated that the apatite formation was 
close to maturation in the surrounding tissue. 
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Ca/P P2 Pl PM PCl C DCl DM D1 D2 
SGl 0.540 0.664 0.967 0.944 0.945 0.818 1.129 0.723 0.615 (0.150) (0.122) (0.226) (0.150) (0.167) (0.182) (0.218) (0.114) (0.167) 
BG 0.279 0.666 1.037 1.031 0.969 0.987 1.211 0.531 0.444 (0.065) (0.133) (0.194) (0.160) (0.134) (0.170) (0.283) (0.134) (0.138) 
SG2 0.283 0.464 0.791 0.708 0.632 0.966 1.236 0.468 0.482 (0.087) (0.172) (0.074) (0.198) (0.181) (0.191) (0.273) (0.110) (0.036) 
Empty 0.166 0.137 0.417 0.430 0.443 0.343 0.199 0.161 0.234 (0.148) (0.172) (0.237) (0.181) (0.134) (0.063) (0.062) (0.161) (0.071) 
p-value 0.000* 0.000* 0.000* 0.002* 0.000* 0.000* 0.000* 0.000* 0.004* 
Table 25 Ca/P ratios at three weeks (n=5). 
* Significant results among the groups. Paired comparisons were displayed in Fig 53. 
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Figure 53 Ca/P ratios at three weeks (n=5). The highest ratio was observed on the distal 
margin of the defects. 
* Significant results among the groups. SG l>SG2=BG=empty in P2 , 
SG1=BG=SG2 >empty in Pl , SG1=SG2=BG >Empty in PM, SGl=BG >Empty in PCl , 
SG1=BG>SG2=Empty in C, SG2=BG>Empty in DCl , SG1=SG2=BG>empty in DM, 
SG1>SG2=BG >empty in D1 and SGl >Empty in D2. 
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There were two special features of the Ca/P ratios at three weeks (Table 25 and Fig 
53) . First , the ratios were higher inside the defects than out side the defects and 
formed a plateau around the center. Second , significantly higher Ca/P ratios were 
noted on the margin and outside of the defects in the material groups than those in the 
empty control. Apatite formation in the empty control showed only inside the defects, 
but in the materials groups the apatite formed across all the tested area. 
Three things changed from three to six months. First , the BG group displayed 
increased Ca/P ratios from 3 to 6 weeks ; second, the highest Ca/P ratio was found at 
the center of the BG group ; and third , the Ca/P ratios of group SG 1 were slightly 
increased. The apatite formation in the SG 1 groups was not greatly increased from 
three to six weeks , or even was retarded at some points like the distal margin. On the 
contrary, BG powerfully raised the Ca/P ratios inside the defects , from 1.0 at 3 weeks 
to 1.5 at 6 weeks (Table 26 and Fig 54). 
Ca/P P2 Pl PM PCI C DCI DM DI D2 
SGI 0.466 0.720 0.723 0.900 0.949 0.531 0.618 0.533 0.337 (0.159) (0.159) (0.159) (0.261) (0.259) (0.107) (0.095) (0.119) (0.114) 
SG2 0.876 1.106 1.076 0.992 0.812 0.927 0.758 0.569 0.438 (0.250) (0.295) (0.349) (0.383) (0.230) (0.206) (0.099) (0.096) (0.080) 
BG 0.419 0.583 0.830 1.227 1.361 1.160 0.906 0.587 0.341 (0.055) (0.229) (0.162) (0.345) (0.247) (0.228) (0.035) (0.063) (0.066) 
Empty 0.107 0.188 0.308 0.319 0.242 0.234 0.194 0.343 0.132 (0.076) (0.100) (0.125) (0.131) (0.135) (0.083) (0.140) (0.099) (0.058) 
p-value 0.001 * 0.000* 0.002* 0.006* 0.001 * 0.000* 0.000* 0.031 * 0.002* 
Table 26 Ca/P ratios at six weeks (n=4). Either group SG2 or BG showed the highest 
Ca/P ratios across the area. 
* Significant differences among the groups. Paired comparisons were showed in Fig 54. 
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* Significant differences were noted in every location. Paired comparison showed 
SG2>SG1=BG in P2, SG2>BG>empty in Pl , SG1=SG2=BG>empty in PM, BG>empty 
in PCl , BG>SG2>empty in C, BG=SG2>SG1 in DCl , BG>SGl>empty in DM, 
SG2=BG>empty in D1 and SG 1 =SG2=BG>Empty in D2. 
At the end of twelve weeks , the Ca/P ratios of the materials group dropped and were 
closed to the ratios of the empty control between 0.1 and 0.3. No significant difference 
was noted across the groups. 
In conclusion to the EDX analysis , high silicon concentrations were found in the soft 
tissue of the material groups , and SG 1 group had the highest silicon released into the 
tissue. The Ca/P ratios were related to the silicon concentration; both of these 
parameters were highest at the center of the wound and gradually waned toward the 
margin of the defect. 
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VII. Minerals of the calcified bone 
The mineral compositions of the calcified bone in the defects were verified and 
presented in weight percentages. Only marginal significances were noted at some time 
points between the material groups and the empty control, and no differences were 
noted among the different materials. 
This part of data focused on calcium , phosphorous , and magnesium. The percentages 
of calcium and magnesium were collected and analyzed. The phosphorous was used to 
calculate the Ca/P ratio to represent the maturity of the bone. 
a. Calcium 
In general , the amount of calcium in the bone increased gradually from 3 to 12 weeks 
(Table 27), and reached the plateau at 12 weeks. It represented the density of the bone 
gradually increased and reached the highest density before the bone healed completely. 
Statistically, the amount of calcium in the mineralized bone did not show any 
difference among the groups. 
Ca% 3 weeks 6 weeks 12 weeks 24 weeks 
SGl 21.85 (3.01) 23.58 (4.27) 26.61 ( 4.27) 25.56 (1.92) 
SG2 18.04 (5.51) 21.67 (3.92) 27.91 (4.35) 26.76 (3.53) 
BG 20.27 (3.86) 21.86 (2.61) 26.33 (5.48) 25.39 (1.85) 
Empty 20.39 (5.56) 21.79 (2.71) 25.42 (3.33) 26.39 (2.50) 
Table 27 The amount of calcium in the bone (n=l0). The calcium contents gradually 
increased but not difference was found among the groups. 
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b. Ca/P
The Ca/P ratios or the apatite fomations were di飾ereut between也e empty co血01 and
血e material groups. In血e empty control,血e Ca仲ratio increased sIowly from 3 to 12
Veeks and kept stable from 12 to 24 weeks, but in血e material groups, the ratios were
high at血e begiming and did not change significantly wi血t血e (T珊1e 28 and Fig 55).
Ca/P ?weeks* ?weeks ?2weeks ?4weeks 
SGl ?.05(0.04) ?.02(0.06) ?.16(0.09) ?.08(0.05) 
SG2 ?.09(0.08) ?.02(0.06) ?.09(0.05) ?.10(0.06) 
BG ?.11(0.10) ?.03(0.05) ?.15(0.09) ?.07(0.05) 
Empty ?.97(0.06) ?.01(0.06) ?.09(0.05 ?.06(0.06) 
嶋b量e28Ca/Pratioof血ebonetissue(n=10).Signi丘cantdi能nencewasnotedat 
Weeks (ANOVA, P=0.021). The empty control had the least amou血of apatite fomation
at血e initiation of瓜e bone mineralization.
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Fig 55 Ca/P ratio of血e mineralized bone (n二10). The Ca佃ratio in血e empty
CO血rol kept rising til1 12 weeks, but the ratios in the material groxps did not had
any sign睨cant change over tine.　　　　　　　　　　　h
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c. Magnesium 
The amounts of magnesium continuously increased but different patterns were found 
between the empty controls and the material groups. Magnesium in the empty control 
reached the highest level at 12 week, but in the material groups , the magnesium level 
did not reach the plateau until 24 weeks (Table 29 and Fig 56). 
Mg 3 weeks 6weeks 12 weeks* 24 weeks 
SGl 0.214 (0.063) 0.248 (0.067) 0.262 (0.056) 0.321 (0.042) 
SG2 0.199 (0.079) 0.263 (0.062) 0.232 (0.058) 0.320 (0.044) 
BG 0.200 (0.087) 0.262 (0.058) 0.285 (0.064) 0.313 (0.036) 
Empty 0.227 (0.043) 0.247 (0.052) 0.357 (0.066) 0.342 (0.054) 
Table 29 The amount of magnesium in the calcified bone (n=lO). * indicated significant 
difference among the groups (ANOVA , p=0.002) and the paired comparison showed 
SG 1 =SG2<Empty. 
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Fig 56 Bar graph of the magnesium in the calcified bone (n=l0). 
* Significance difference. SG 1 =SG2<Empty 
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The influence of the materials on the calcified bone was clear; all the materials caused 
a higher apatite formation during the initial bone formation, and led to lower 
magnesium level in the bone than the empty control did. Because the tested bone did 
not have direct contact with the materials, we could suspect that the diffused ions from 
the materials had the influences on the bone. However, from this study, it was hard to 
tell which ion had the greatest effect of all. The silicon, or the calcium or both could 
contribute to the mineral change of the bone tissue. 
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DISCUSSIONS 
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DISCUSSIONS 
The discussion is divided into four parts. The first part focuses on the material, the 
second part reviews and evaluates the theory of sol-gel glass, the third part interprets 
the reaction of osteogenesis and the last part debates the validity of the method and 
material. 
The biodegradation of the materials 
This part of discussion is based on the EDS, histology and radiographic findings. The 
resorption rate and the mechanism of resorption were discussed in chronological order. 
The in vivo structural and chemical changes of the materials were also evaluated to 
explain the resorption of the materials and the osteogenetic effects of the materials. 
The resorption of the materials was clearly shown in radiographic films and 
histological slides. The x-rays revealed a gross pattern; the resorption progressed from 
the peripheral toward the center of the defect. A similar pattern was also shown by the 
histology. The resorption of the materials started at six weeks on the cortical surfaces 
and continued. At 12 weeks the distributions of the materials were reduced to 3 mm at 
the centers of the defects. The particles on the periphery were absorbed sooner than 
the particles at the center. 
The residual materials of SG 1 group were lowest at 6 weeks. In contrast to the SG 1, 
Bioglass had the least absorption. It was either because the dense structure of the 
Bioglass hindered the dissolution of the materials or because its high sodium content 
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inhibited cell-mediated resorption. The final result was less absorption of the Bioglass 
at an early time. The following discussion focuses on the differences of these two 
groups, and the possible mechanisms for differences. 
Absorption of the SG 1 at six weeks was apparent under the microscope, and there were 
two possible mechanisms to explain the absorption of the SG 1. One is the dissolution 
of materials without the intervention of the cells, and the other is macrophage- or cell-
mediated resorption. The dissolution of the sol-gel glass was clearly apparent in the 
EDS analysis because the silicon and calcium concentration were largely reduced. 
Some small particles were dissolved quickly, and as a result the inter-particulate 
distance increased. 
The microscopic evidence in our experiment seemed to favor the other mechanism, the 
cell-mediated resorption, because at six weeks, most of the materials disappeared at the 
cortical area, where the bone was rapidly remodeled. Because the reduction of the sol-
gel glass was abundant at a certain location and the resorption of the materials was 
associated with the remodeling of the bone, osteoclasts or macrophages were possibly 
responsible for the resorption of the woven bone and the materials at this time. 
Furthermore, the materials were occasionally invaded by fibrous tissues and bone. 
This finding indicates that the materials were not dissolved from the surface of the 
materials, but were resorbed by cells inside. This mechanism was also indirectly 
supported by the facts that the Bioglass contains large amount of sodium, neutralizing 
the acid from osteoclasts, and Bioglass had less resorption at the early stages. 
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However it was observed under the microscope that no macrophages or osteoclasts 
were directly associated with the materials at 3 and 6 weeks. Special staining and cell 
markers are needed to confirm the theory of cell-mediated resorption. 
The distribution of the residual materials in the BG group at six weeks was different 
from that in the SG 1 group. The SG 1 group had increased interparticulate spaces and 
a loss of some of the particles at the cortical area, but the BG group only had increased 
interparticulate spaces. The inter-particulate spaces in the BG group generally 
increased; there was no difference between the materials in the cortical part and the 
materials in the marrow part. The BG particles hindered the remodeling of the woven 
bone, and possibly also hinder the cells mediating the resorption of the materials. 
Thus, the resorption of the BG particles was mostly via the dissolution of the particles 
rather than via cell-mediated resorption. 
After the sixth week, both sol-gel and Bioglass were similar structurally and 
chemically. The sodium in the BG and the silicon in the SG diffused out of the 
particles completely. Both of them were porous and permeable to calcium and 
phosphorous ions, and both materials were mainly composed of calcium and 
phosphorous, so we would expect both materials to react similarly in later stages. 
At the end of the 12 weeks, all three groups had prominent absorption of the materials. 
The materials became the pools for calcium and phosphorous ions to accumulate, so 
the possibility of the dissolution of the materials at this stage was ruled out. This 
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evidence led us to consider the mechanism of cell-mediated resorption. Another 
indication was the presence of multinucleated giant cells observed on some slides at 
this stage. They were associated with the irregular surfaces of the materials. The 
fibrous tissue inside the marrow spaces strongly suggested that these multinucleated 
cells were foreign body giant cells. But the materials were all encapsulated by a thin 
layer of osseous tissue, the materials did not have direct contact with the fibrous tissue, 
and there was a possibility that these multiple nucleated giant cells were osteoclasts, 
and osteoclasts are responsible for the resorption of the bone and materials at this time 
period. Again these cells needed special staining to differentiate the phenotype of 
these multinucleated giant cells. 
At 12 and 24 weeks, SG 1 had a higher, but not significant, absorption rate than BG. 
As the resorption proceeded, by the twenty-fourth week, the residual materials of SG I 
and SG2 were almost undetectable. If the empty control was considered as having 
zero percent of material and went through the statistical test, the SG 1 and SG2 were 
not different from the empty control (Tukey, p>0.5), while BG still contained more 
residual materials than the empty control (Tukey, p<0.05) at the end of study. Because 
of this dose-dependant tendency, we can speculate that a pure sol-gel material would 
have significantly less amount of residual material than the Bioglass did at 24 weeks. 
Many studies done on bioactive glass only focused on the surfaces of the materials. 
Very few of them studied the inner parts of the material particles. There was one in 
vitro study; in which melt-derived Bioglass of different concentrations was immersed 
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in tris buffer solution for several days. The Bioglass samples containing 45% silicon 
showed the highest porosity among the different concentrations. The Bioglass (s45) 
obtained the highest surface area, over 120 m2/g, within one day of immersion 
(Greenspan et al., 1995). This value was half the porosity of sol-gel glass, which was 
289 m2/g, showing the change of the solid Bioglass to porous Bioglass in vitro. The 
conversion of Bioglass from solid to porous was also indirectly proved by the EDS 
analysis of our study. The sodium, calcium and phosphorous ions which were 
unleashed from the particles in the early stages created the porosity in the particles for 
the calcium and phosphorous to replenish in the later stages. According to these 
evidences, Bioglass could reach half the porosity of the sol-gel glass within one day, 
and we would not be surprised that the Bioglass and sol-gel glass had similar reactions 
in terms of resorption and osteogenesis if a long-term in vivo study were conducted. 
The source of the silicon ions was obviously the materials. The increased silicon ions 
in the surrounding tissues were associated with the reduction of the silicon ion in the 
SG and were correlated with the amount of residual materials in the defects. The time 
sequences of the silicon inside and outside the particles were coordinated with each 
other; the amount of silicon was high at 3 weeks and was not detectable at 12 weeks 
for both the sol-gel particles and the surrounding tissues. It was reasonable to detect 
high concentrations of silicon ions in the groups containing the sol-gel glass. 
High silicon concentrations were detected in the surrounding tissues of the material 
groups, but in what form the silicon was released was unknown. The work done by 
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Lyu (Lyu, 1999), showed a low dissolution of the silicate in culture medium. After 24 
hours of dissolving, the average silicon concentration was 120 ppm, which is equal to 
0.012%, but in our EDS analysis, the silicon was more than 0.2% in the material 
groups. That excluded the possibility of free silicon ion in surrounding tissue, which 
led to another possibility, the chelating or binding of the silicon to some proteins. 
However, this requires additional experiments to verify. 
At 12 weeks, the sol-gel particles almost did not contain any silicon inside, but the sol-
gel still maintained surface activity. Calcium and phosphorous were the main 
components at this stage and the osteoblasts were able to attach to them. The detail 
mechanism was not clear, but it was clear that the surface activity of the sol-gel 
particles was independent of the silicon. 
Both materials, SG and BG, had similar courses in vivo; they were both resorbable and 
compositionally unstable within the experiment time. But the SG had a more intense 
reaction than the BG; the former showed faster resorption, diffused more silicon and 
recruited more calcium and phosphorous. 
The theory of the sol-gel glass 
The theories behind the bioactive glass were the fast apposition of an HCA layer 
(Hench et al., 1971) on the large surface area and the high silicon content in the sol-
gel, but the realities did not support the theories. The sol-gel glass tested in this study 
did not have a highly superior osteogenetic effect as was expected, contrary to the 
165 
theory of the sol-gel glass. 
The nano-pores of the sol-gel ranged from 68 to 132 angstroms which increased the 
active surface area up to 10,000 fold, (Zhong and Greenspan, 1997; Zhong and 
Greenspan, 2000). It was suggested that the high surface area was associated with the 
fast apposition of hydroxyl carbonate apatite (HCA) on the material surface. The 
faster apposition of hydroxyapatite in vitro revealed by Zhong and Greenspan showed 
that the sol-gel had a significant apposition after 6 hours of reaction in simulated body 
fluid while Bioglass needed 24 hours to reach the same apposition (Zhong and 
Greenspan, 2000). However this 18-hour difference was not significant when added to 
the experimental time periods, e.g. 3 weeks. 
Another problem with the theories was that the solid BG became permeable after 
interacting with the fluid. The permeability of the BG particles was indirectly proved 
by our in vivo study and also by Greenspan's in vitro study (Greenspan et al., 1995). 
The development of permeability in the BG particles was quick; it took only 24 hours 
to reach half the permeability of the sol-gel glass. Since both the sol-gel and the 
Bioglass particles were permeable to the ions, there would be no surprising difference 
between their in-vivo results. 
The influence of silicon on bone formation was abundantly documented in the 
literature (Carlisle, 1981; Hott et al., 1993; Keeting et al., 1992). The silicon from 
Bio glass was shown to increase the activity of the osteoblast in vitro (Xynos et al., 
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2000a; Xynos et al., 2000b; Xynos et al., 2001) but the silicon from the sol-gel glass 
did not show a similar effect. When mouse osteoblasts were cultured on a glass 
surface, the sol-gel glass did not increase the cell proliferation or the alkaline 
phosphatase activity of the osteoblasts, but Bioglass in the same study decreased the 
cell proliferation by 20% and increased ALP by 61 %, compared with the empty control 
(Silver et al., 2001 ). 
According to EDS analysis in the present study, silicon did affect bone formation. 
Influence of the silicon on the bone formation was outstanding but not overwhelming. 
EDS analysis showed that the high silicon level was associated with a high level of 
apatite formation at three weeks. This correlation was more prominent at locations 
outside the defects than at locations inside the defects. Outside the defects activity of 
the osteoblasts was only upregulated by the diffused silicon, but inside the defects 
there were many other factors to accelerate bone formation, such as blood clots and the 
material particles. When silicon acted alone at the very early stage of bone healing, the 
influence of the silicon was obvious as shown by the result of mineralization, but when 
other factors joined together, the silicon did not overcome these other factors nor did it 
synergize with other factors to raise apatite formation. 
When the silicon concentration and its relation to the apatite formation were 
investigated, high silicon content was not always a favorable condition. When the 
silicon concentration and the Ca/P ratios at three and six weeks were cross-examined, 
different patterns of distribution were found between the BG and SG groups. The Ca/P 
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ratios in group BG were raised from three weeks to six weeks, but the Ca/P ratio in SG 
did not change much during the same period of time. It seems that something else in 
the BG group accelerated apatite maturity. 
The fact that the influence of the silicon was hidden under other factors inside the 
defect areas was manifested at 6 weeks. At this time, the groups containing SG (SG 1 
and SG2) released their highest amount of silicon into the surrounding tissue 
throughout the tested areas, but the SG 1 and SG2 groups showed their highest amount 
of apatite only at locations outside the defects, where the mass of the residual material 
had no impact. At the same time, the apatite formations inside the defects were highest 
in the BG group, which contained most of residual materials. The presence of the 
material was more important for the bone mineralization than the released silicon ions. 
Previous studies showed that silicon had effects on bone formation at many different 
levels. Carlisle showed that silicon affected both cartilage formation and skull bone 
formation in different studies. The silicon stimulated the cartilage cells to secrete more 
glycosaminoglycans (Carlisle , 1976) and the osteogenic cells to secret more collagen 
fibers (Carlisle , 1981 ). In human osteoblast cell culture , Keeting found that silicon 
increased DNA synthesis , alkaline phosphatase activity and osteocalcin secretion 
(Keeting et al., 1992). Xynos showed that the proliferation and the secretion ofIGF-II 
both increased under the ion products of Bioglass (Xynos et al. , 2000a). Hott 
demonstrated that osteoclasts as well as the resorption of bone were inhibited by 
organic silicon in ovariectomized mice (Hott et al., 1993). These previous studies 
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demonstrated that the effect of silicon was not specific to a single type of cell or on a 
simple reaction of the cells. 
In the present study, the effect of the silicon was limited only to an increase in the 
mineralization in the surrounding tissues. Other promised benefits of the silicon were 
not found. The chondroblastic activity and the endochondral bone formation were not 
increased, as the sulfur in the surrounding tissue was not correlated with the 
concentration of the silicon. The proliferations of the osteoblasts or chondroblasts 
were not raised since the amount of bone in the histology did not show difference 
among the material groups. The osteoclasts were n·ot inhibited and actually bone 
remodeling was more prominent in the SG 1 group, which contained the highest amount 
of silicon. The activities and secretions of the osteoblasts may have increased, but they 
were not tested in this study. One possible mechanism of the increased mineralization 
was the osteoblast-mediated reaction. The silicon upregulated the activities and 
secretions of osteoblasts and subsequently increased the mineralization around the 
osteoblasts. 
From the EDS analysis, it was learned that the Ca/P ratios of the SG 1 were highest 
among the groups at the third week. However, the expected high amount of bone 
formation was not observed in the histology studies. These unpleasant results had two 
possible explanations. First, the silicon did not influence the mineralization of the 
bone, and second, the silicon had already reached the optimal concentration in the BG 
group. According to many studies, it was not likely that the silicon did not have any 
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stimulating effect on the osteoblasts. The silicon served as a signal to the osteoblasts 
and it did not need a high concentration to activate the osteoblasts. Therefore, a very 
mildly elevated silicon concentration in the peripheral fluid was already enough to 
promote bone formation. Though the increase of silicon in group BG was not 
significantly different from the empty control, this mildly elevated level of silicon was 
enough to promote a high amount of bone formation. 
To summarize the theory of the sol-gel glass, the high porosity, large surface area and 
fast HCA layer apposition were just a myth, and the high concentrations of silicon ions 
only accelerated apatite formation at the very early stage of bone formation. 
The response of the hosts 
During the surgical procedure , bleeding was easily controlled by packing graft material 
into the defects. Without graft material , massive bleeding was noted in most 
situations. One rabbit showed dizziness after the surgery, and did not recover from the 
anesthesia. It expired about 12 hours after surgery. Some other rabbits showed a 
similar reaction after the surgery, but by giving 35 ml normal saline subcutaneously to 
increase their body fluid volume , they resumed normal activity. Each of these 
problematic animals had a surgical site designated for the empty control. It indicated 
that the graft material could help coagulation. Other studies used different types of 
graft materials (MacNeill et al. , 1999; Schepers et al. , 1991), including HA and 
Bioglass , and found that the Bioglass would eliminate massive bleeding during 
surgenes. That supported the coagulation effect of Bio glass. 
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The sol-gel and Bioglass in the biphasic glasses did not work synergistically in 
restoring the bony defects , instead , the sol-gel showed a dose effect in the SG 1 and 
SG2. The dose effect of different SG concentrations in groups SG 1 and SG2 could be 
found in the majority of the results. The absorption rate , bone formation rate and the 
mechanical strength of group SG2 was between those parameters of the SG 1 group and 
the pure Bioglass. It seemed to indicate that SG particles could speed up the bone 
healing and the results would be significant with a large sample size. Also , it was 
possible with a large sample size to show that the SG glass had a high interaction with 
the cells in the bone that cau~ed the higher absorption rate, and achieve a higher 
strength of new bone, which would be closer to the strength of intact bone than 
Bioglass could. 
The sol-gel glass had a higher resorption rate than the BG. It seemed that this high 
resorption was beneficial to the wound healing. The sol-gel was resorbed quickly and 
did not hinder the resorption and remodeling of the bone at later time intervals. 
Therefore , the woven bone in the marrow space was replaced by the adipose tissues , 
and the fraction of the bone in the SG 1 group was less than the fraction in BG group at 
the end of the 24 weeks. This fast bone remodeling of the SG 1 group led to a dense 
and well-organized cortical bone. As a result, the mechanical strength of the SG 1 
group was highest at 24 weeks. However, the amount of bone and the mechanical 
strength were not significantly different among the material groups , probably due to 
the small sample size. If the sample size were increased , it is very likely that 
171 
significantly lower amounts of bone and significantly higher mechanical strength in 
the SG 1 group at 24 weeks would be observed. 
Schepers (Schepers et al., 1991) observed the Bioglass particles and surrounding bone 
and he stated that the bone formation was associated with Bioglass. But in the present 
study, even though the presence of new bone inside the defects was associated with 
grafted material, the amount of bone formation was negatively related to the amount of 
every material (SG 1. SG2 and BG) at 3 and 6 weeks. Between the amount of the bone 
and the residual materials, a significantly negative correlation was found at 3 and 6 
weeks (r=-0.617 and -0.461, p=0.043 and 0.047 respectively) but no significant 
correlation at 12 and 24 weeks could be found (r=0.147 and 0.445, p=0.562 and 
0.084). The solid particles in this experiment seemed to hinder the penetration of new 
bone or osteogenetic cells. It needs to be clarified that the glass material itself did not 
inhibit osteogenesis. In fact the materials promote bone formation as indicated by the 
presence of bone formed around the materials. It is the geometry of the materials that 
needs to be improved to gain more room for osteoblasts. 
The bending strength of Bioglass is 42 MPa (Kokubo et al., 2003). It is reasonable to 
assume that the residual materials will affect the strength of the bone, which has a 
strength of 200 MP a. Nevertheless in our study, no correlation between residual 
materials and strengths could be found. The material was nearly fully absorbed. Only 
around 2% was found inside the cortical samples at 24 weeks, and this minimal 
amount of material had no significant influence on the mechanical strength. For the 
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highly absorbable material we can ignore its influence on the strength. 
Mineral content did not affect the mechanical strength either. The mineral content 
reached its plateau at 12 weeks but the mechanical strength did not reach its plateau 
until 24 weeks. This result was consistent with the multiple regression model by 
Martin (Martin and Ishida, 1989), who showed that the mineral content was the 
poorest parameter to use to predict the mechanical strength of bone, and that the 
orientation of collagen was the best. 
The orientation of collagen fibers shown in many studies (Claes et al., 1995; Martin 
and Ishida, 1989) had ~tronger relationships with the strength than other parameters 
did. The only significant factor in the present study that affected the strength was the 
healing time, which represented the remodeling of the bone and re-orientation of the 
collagen fiber, which had a major increasing effect on the strength. The orientation of 
collagen fibers was correlated with time and had a greater increasing influence on the 
mechanical strength of the new bone. 
At twelve weeks, half the samples grew thick cortical bone. The thickness of the 
cortical bone was more than 0.5 mm. The strength of the cortical bone at this time was 
around 40 to 70 MPa. The cortical bone at twenty-four weeks showed at least 100 
MPa in strength. It is worthwhile to note that the quality or the strength of the bone 
cannot be judged by histology. The bone was reinforced by the orientation of collagen 
fibers and mineral components, and those parameters were not easily quantified under 
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the microscope. 
Wheeler (Wheeler et al., 2000) and Hamadouche (Hamadouche et al., 2001) conducted 
studies of the sol-gel glass in vivo. Some of their results were similar to results from 
this present study. First, the sol-gel glass was resorbed faster than Bioglass. Second 
the Bioglass material had a mildly higher bone formation than its sol-gel counterparts. 
Third, the sol-gel glass was biocompatible; neither inflammation nor infection was 
noted and the graft particles were surrounded by bone tissues. Fourth, even though the 
non-standardized strength data in Wheeler's study made comparisons difficult, the 
mechanical strengths of the Bioglass group and the sol-gel group were not significantly 
different. All these consistent results were similar to the comparison between SG and 
BG in the present study. 
However, the large absorption of Bioglass found here was not observed in previous 
studies. The explanation for the conflict could be that the animal models and the 
implant sites in this experiment had a higher metabolic turnover rate. The other 
conflict with the previous study is the mechanical strength, which increased abruptly 
from 12 to 24 weeks in this study but was not consistent in Wheeler's study. Even 
though those different results exist among studies, there is still enough evidence to 
make the statements that sol-gel glass is more absorbable than Bioglass, and that the 
osteogenesis effects are similar for both materials. 
Testing methods 
The quantified data in the histology study had several advantages over the categorical 
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method. The quantified data were more sensitive; it showed more differences across 
groups. The quantified data were easy to computerize and analyze. The paired 
comparisons were only possible via the quantified data. Last, the quantified data were 
more objective than the categorical data. 
One possible disadvantage of the quantified data was that it ignored the distribution of 
the healing bone. For example , the cortical bone supported the structure of the 
skeleton , and a thin organized cortical bone provided more strength to the tibia than a 
thick disorganized woven bone. To gain well-oriented cortical bone was the main 
purpose of the wound healing , and the quantified method could not present this 
important part of the bone structure. 
Another problem of the histology study was the timing of the intervention , which 
could lead to totally different results. For instance , the SG 1 group had its highest bone 
formation at 6 weeks , but the BG group formed the greatest amount of bone at 24 
weeks . A short-term study would get a completely different result from a long-term 
only study. Therefore it is important to conduct a long-term study over various time 
intervals so that the whole picture of the healing will be presented to us. 
The time frame in this study was appropriate for the histology study. At three weeks, 
each grafting particle was surrounded by granulation tissues. The morphology of the 
cells in the granulation tissues was identical to fibroblasts. These cells transformed 
into osteoblasts , and as shown at six weeks , they formed bone that encapsulated each 
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granule. At six weeks, initial bone formation ended and woven bone was generated in 
all grafted groups. At twelve weeks , bone remodeling was obvious and was showing 
the Haversian canal system , thick cortical bone and increased marrow spaces. When 
the remodeling reached twenty-four weeks, all the animals gained thick cortical bones, 
numerous marrow spaces and re-organized Haversian canals. The three , six, twelve , 
and twenty-four week periods provided the exact timing to capture all the stages of 
bone formation. 
However , the mechanical strength of the healing bone was regained at a slower pace 
than the structural organization viewed in the histology of the healing bone. First , at 
three weeks the defects were filled with granulation tissues , which could not be 
processed for the strength test. Second, strength did not increase significantly from six 
weeks to twelve weeks , and by the twelfth week the strength of the bone only reached 
one fifth of the original strength of intact bone. Third, the strength increased 
dramatically at twenty-four weeks , but whether it reached its highest strength was not 
clear. It is possible that the materials induced a powerful osteo-generation and 
eventually exceeded the strength of the original bone, but it was not possible to detect 
this at twenty-four weeks. 
Compared with the strength of intact bone , the SG 1 group (mean and standard 
deviation , 161.5±49 .1) and the original intact bone (mean and standard deviation , 
212.1±20.3) showed no difference at 24 weeks (Tukey, a>0.05) ; however this was the 
result of the large standard deviation in the SG 1 group and the small sample size (n=7), 
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and not because of two close mean strengths. We can expect that bone strength will 
increase and the standard deviation will diminish as time goes on. 
Still, the change between 12 and 24 weeks was dramatic yet unclear. There were three 
possibilities for the change of the curve: the strength could achieve a plateau much 
earlier than twenty-four weeks, the curve could be straight between twelve and twenty-
four weeks, or the strength could still be very low at eighteen weeks. Without another 
experiment, there is no ideal way to verify it. For future mechanical strength studies, 
the ideal time frame would be six, twelve , eighteen , twenty-four and thirty-six weeks, 
then we should have a clear picture of the strength curve. 
The model of our mechanical strength test was original, and the rationale of this model 
was based on the anatomy of the tibia. The tibia of rabbits is full of space that is 
mainly occupied by adipose tissue. The materials and the bone at the marrow spaces 
tended to be absorbed completely , so the marrow parts were not included in the 
strength .test. Only the cortex was sectioned and used in this test. Besides , the 
strengths of the marrow part and the cortex were largely different, with compression 
strengths of 1 to 9 MPa for the cancellous bone and 100 to 300 MPa for cortical bone 
(Augat et al. , 1998; Carter and Hayes, 1976). It was mandatory to test the cortical and 
marrow parts separately. Also the samples should not include intact bone because that 
would affect the strength test significantly. To minimize the interference from intact 
bone during the three-point test , the samples were ground at the midpoint until only 
material and new bone were left, and at the two ends were the intact bones holding the 
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experimental area. To standardize the specimens , all the samples were ground to 
rectangular pieces of similar sizes. Occasionally the centers of the defects were not 
occupied by bone , especially in the empty controls , and the central parts were not 
included in the rectangular pieces. 
Before the mechanical strength test , we could not determine if the model was suitable 
for the test or not. Whether or not the samples would fracture across the middle point 
of the defect was not known. However, the samples did fracture near the middle of the 
defects , and it was further proved by the non-decalcified histology that all the samples 
were broken inside the new bone areas. It showed indirectly that the new bones were 
all bound to the adjacent intact bones and that the binding provided enough strength to 
hold the samples on the Instron machine. 
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CONCLUSIONS 
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CONCLUSIONS 
1. This in vivo study confirmed the benefit of adding sol-gel glass into the glass-based 
graft material. The additional sol-gel in SG 1 (60% sol-gel and 40% Bioglass) and SG2 
(12.5% sol-gel and 87.5% Bioglass) graft materials had the dose-dependant effects of 
accelerating more resorption of the grafted materials, releasing higher amount of silicon 
into the grafted sites, and gaining more mineralization in the surrounding tissues than the 
pure Bioglass group (BG). 
2. The SG 1 group showed over 50% biodegradation of the material from the third week 
to the sixth week, versus the BG group, which had less than 30% resorption of its 
material during the same period of time. 
3. Both porous sol-gel and solid Bioglass particles were permeable to ion exchange, but 
the former showed a higher permeability than the latter. Silicon diffused out of the 
glasses and subsequently raised the silicon concentration in the surrounding tissue during 
the first six weeks. Groups SG 1 and SG2 released more silicon into the surrounding 
tissue than group BG did at 3 and 6 weeks. The increased silicon ion concentrations in 
the surrounding tissue of the SG 1 and SG2 group were associated with increased 
mineralization around the implanted areas at the third week of bone healing. 
4. For all the experimental groups, the mechanical strengths of the new bone did not show 
significant change from 6 to 12 weeks; however, the strengths significantly and sharply 
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increased from 12 to 24 week. At 24 weeks, all the groups except group BG had 
mechanical strengths similar to that of intact bone; group BG had a significantly lower 
strength of the new bone (113.4 ± 39.6MPa) than the strength of intact bone (212.5 ± 
13.5MPa). 
5. Both sol-gel and Bioglass particles, showed surface bioactivity and high affinity to 
bone tissue. The amounts of new bone formation assessed microscopically were not 
significantly different among the material groups at any period of time. 
6. Material SG 1 was most favorable to bone healing due to fast resorption of the material, 
high mineralization around the implanted area, and high mechanical strength of the new 
bone. 
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